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PREFACE  TO  THE  FIRST  EDITION 

In  preparing  this  volume  my  object  has  been  to  treat  the  science 
of  heat  in  a  comprehensive  manner,  so  as  to  produce  a  tolerably 
complete  account  of  the  whole  subject  in  its  experimental  as 
well  as  its  theoretical  aspect.  I  have  consequently  enjoyed  a 
freedom  in  my  choice  of  subject-matter,  and  mode  of  exposition, 
which  would  not  have  been  possible  in  a  work  designed  to  meet 
the  requirements  of  some  particular  class  of  persons  preparing 
for  examinations  or  engaged  in  practical  pursuits. 

It  is  but  a  short  time  since  the  pursuit  of  experimental 
research  was  regarded  merely  as  a  matter  of  individual  curiosity ; 
Wt  owing  to  the  high  commercial  value  and  important  bearings 
of  many  of  the  recent  discoveries  in  the  fields  of  science,  the 
public  mind  has  now  become  awakened  to  the  conviction  that 
bowledge  is  wealth,  and  that  the  scientific  education  of  the 
people  is  a  matter  of  national  importance. 

In  the  struggle  for  place  it  is  not  surprising  that  the  nobler 
*8pect  of  science,  as  an  instrument  of  education  and  culture, 
*kould  be  lost  sight  of  in  the  popular  desire  for  a  mere  acquaint- 
ance with  the  facts  demanded  by  the  exigencies  of  the  moment 
It  cannot,  however,  be  too  soon  or  too  often  impressed  upon  the 
^nner  that  an  acquaintance  with  a  number  of  facts  does  not 
institute  a  scientific  education,  and  that  there  is  no  royal  road 
to  learning  other  than  that  by  which  it  is  pursued  for  its 
«wn  sake. 

The  great  lessons  of  history  are  not  to  be  found  in  the 
'ecords  of    battles  or  in   the  details  of   infamous   amours  and 
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massacres,  nor  in  the  memory  of  the  dates,  but  rather  in  the  fi 
knowledge  of  the  inner  meaning  of  events,  and  a  due   appr 
ciation  of   their  general   bearing  on  the  social   development 
mankind.     So  also  in  science,  that  knowledge  which  is  power 
not  the  mere  memory  of  facts,  but  the  comprehension  of  the 
whole  meaning  in  the  story  of  nature. 

It  is  in  the  pursuit  of  this  knowledge  that  scientific  theori 
are  formed.  Without  a  theory  all  our  knowledge  of  nature  wou 
be  reduced  to  a  mere  inventory  of  the  results  of  observatio 
Every  scientific  theory  must  be  regarded  as  an  eflTort  of  tl 
human  mind  to  grasp  the  truth,  and  as  long  as  it  is  consistei 
with  the  facts,  it  forms  a  chain  by  which  they  are  link€ 
together  and  woven  into  harmony. 

The  fact  that  any  theory,  however  plausible,  may  ultimate! 
become  untenable,  demands  its  constant  comparison  with  tl 
results  of  experiments,  and  the  closest  scrutiny  at  every  step  ( 
its  development.  In  this  respect,  and  also  from  an  educations 
point  of  view,  the  historical  method  of  treatment  possesses  man 
advantages  in  the  exposition  of  any  scientific  subject.  When  thi 
method  is  combined  with  that  detail  in  description  and  explana 
tion  which  is  necessary  to  secure  instruction,  and  also  with  suci 
suggestion  and  criticism  as  may  excite  intellectual  life  and  inde 
pendent  thought  on  the  part  of  the  student,  it  does  not  len( 
itself  readily  to  the  production  of  a  pocket  edition  of  the  sciences 
It  must  be  remembered,  however,  that  the  most  fruitful  methoc 
of  exposition  is  not  necessarily  that  by  which  a  given  number  o 
facts  may  be  recorded  in  the  smallest  space,  but  rather  that  bj 
which  they  may  be  most  easily  assimilated  by  the  mind,  an( 
most  comprehensively  grasped  in  their  general  bearings  an< 
mutual  relations  ;  and  this  is  the  method  which  is  most  calcu 
lated  to  advance  knowledge  and  raise  the  intellectual  characte 
of  the  individual. 

I  have  now  to  express  my  obligations  to  the  many  source 
of  information  which  I  have  laid  under  contribution  during  tb 
comparatively  short  time  allotted  to  the  preparation  of  tbi 
work.  Due  reference  is  given  to  these  throughout  the  text,  an< 
it  is  hoped  this  may  increase  the  usefulness  of  the  book  to  tho» 
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who  desire  fuller  information  on  any  particular  point.  I  have 
given  in  detail  what  may  be  called  the  classical  experiments  of 
the  subject,  and  in  addition  I  have  noticed  such  other  investi- 
gations as  will  give  the  student  a  general  idea  of  the  character 
of  the  work  that  has  been  done  in  each  department  up  to  the 
present  time.  The  diagrams  with  which  these  descriptions  are 
illustrated  have  all  been  prepared  by  Mr.  J.  T>,  Cooper  (188 
Strand,  London)  with  exceptional  attention  and  despatch. 

Such  subjects  as  the  steam-engine  and  the  theory  of  solutions 
have  been  omitted,  as  they  demand,  and  have  already  obtained, 
separate  treatment  in  special  works.  The  kinetic  theory  of  gases 
has  only  been  entered  into  so  far  as  to  meet  the  immediate 
requirements  of  the  subject  in  hand;  and  it  would  be  desirable 
to  treat  this,  and  some  other  subjects  usually  dealt  with  in 
treatises  on  Heat,  in  a  separate  volume. 

In  conclusion,  I  beg  to  offer  my  best  thanks  to  Mr.  Charles 
J.  Joly,  M.A.,  of  Trinity  College,  Dublin,  and  Professor  Alex. 
Anderson  of  Queen's  College,  Gralway,  for  their  kind  assistance  in 
reading  the  proofs.  To  Professor  G.  F.  Fitzgerald  I  am  indebted 
for  much  valuable  criticism  and  suggestion  while  the  work  was 
passing  through  the  press,  and  also  for  the  continuance  of  that 
generous  assistance  and  advice  with  which  he  favoured  me  during 
the  preparation  of  my  work  on  the  Theory  of  Light, 

THOMAS  PRESTOK 

Dublin,  January  1894. 
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In  preparing  the  present  edition  of  the  Theory  of  Heat  for  the 
press,  it  has  been  my  endeavour  to  interfere  as  little  as  possible 
with  the  original  arrangement  and  subject-matter  of  the  work, 
but  merely  to  make  such  additions  as  seemed  necessary  in  view 
of  the  recent  progress  made  in  this  branch  of  physics.  I  cannot 
hope  to  have  supplied  all  deficiencies  in  this  respect,  but  this 
was  partly  unavoidable,  as  it  would  be  objectionable  unduly  to 
increase  the  size  of  the  book.  A  few  unimportant  omissions 
have  been  made ;  and  the  section  on  the  dynamical  equivalent 
of  heat  has  been  transferred  from  Chapter  VIII.  to  Chapter  IV., 
in  order  to  bring  it  into  closer  connection  with  the  articles 
treating  of  the  specific  heat  of  water.  Some  marginal  notes 
from  a  copy  which  belonged  to  the  late  Professor  Preston  have 
been  included  in  the  text.  My  own  additions  have  been 
enclosed  in  square  brackets.  The  new  matter  amounts  to  about 
100  pages. 

In  accordance  with  the  original  plan  of  the  author,  no 
account  is  given  of  recent  advances  in  the  theory  of  solutions, 
especially  as  there  are  now  several  excellent  treatises  on  Physical 
Chemistry  which  deal  with  this  subject. 

The  proofs  have  been  read  by  Professor  Bergin  of  Queen's 

College,  Cork,  and  by  my  colleague  Mr.  J.  T.  Jackson,  M.A.,  of 

Trinity  College,  Dublin.     To  both  these  gentlemen  I  am  very 

much  indebted  for  many  important  suggestions  and  corrections, 

and  I  here  return  my  thanks  to  them  for  the  time  they  have 

devoted    to    this    tedious    task.       I    desire    also    to    make    my 
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acknowledgements  to  Mrs.  Preston,  who  has  also  read  the  proofs 
through  very  carefully. 

I  have  to  thank  several  scientific  gentlemen  for  kind  per- 
mission to  make  use  of  their  papers,  and  in  some  cases  for 
personal  explanation  of  obscure  points.  In  especial,  I  have 
made  free  use  of  Dr.  C.  Chree's  excellent  articles  on  Thermometry 
in  the  Philosophical  Magazine,  and  Professsor  Callendar's  articles 
on  Heat  in  the  JEncyclopcedia  Britannica  and  elsewhere.  The 
figure  on  p.  376,  together  with  a  description  of  the  mode  of 
working,  was  kindly  supplied  me  by  Dr.  M.  W.  Travera 
Two  figures  have  been  taken  from  Principal  Griffith's  Thermal 
Meas^irement  of  Energy,  from  which  also  some  quotations  have 
been  made.     The  figures  on  pp.  163  and  165  were  furnished  by 

« 

Messrs.  Yeates  and  Son,  Dublin,  and  the  Cambridge  Scientific 
Instrument  Company  respectively. 

My  thanks  are  also  due  to  several  foreign  physicists  who 
have  sent  me  original  papers  which  I  could  not  easily  procure 
otherwise,  particularly  Professors  S.  Lussana  of  Siena,  A.  Crova 
of  Montpellier,  A.  W.  Witkowski   of  Cracow,   and  O.  Lummer 

""^  ^"'^'°-  J.  R  COTTER 

Trinity  College,  26^  May  1904. 
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SECTION   I 


INTRODUCTORY 


1.  There  is,  perhaps,  no  scientific  inquiry  more  full  of  human 
iterest,  than  the  study  of  the  nature  of  heat,  and  the  manner  in  which 
latter  in  geneml  is  affected  by  it.  No  branch  of  physical  science 
5  80  intimately  connected  with  the  everyday  occupations  of  life, 
nd,  consequently,  none  of  them  interests  mankind  more  closely. 

The  influence  of  heat  is  manifestly  so  universal,  and  its  actions  so 
niportant  and  necessary  to  the  progress  of  all  the  operations  of  nature, 
•hat,  to  those  who  first  considered  it  with  some  attention,  it  must  have 
it  once  appeared  to  be  the  general  principle  of  all  life  and  activity 
^n  this  globe.  With  its  return  in  springtime  the  bud  breaks  into 
hlossom,  and  new  life  animates  the  vegetable  kingdom.  By  its  agency 
^he  incubation  of  the  egg  progresses,  a  living  thing  is  brought  into 
the  world,  and  heat  is  still  necessary  to  its  support.  Finally,  to  the 
power  which  man  has  acquired  over  it  is  due  that  supernatural 
strength  which  has  made  him  superior  to  all  other  animals,  and  master 
of  land  and  sea. 

It  is  not  surprising,  therefore,  that  an  agent  at  once  so  powerful 
^nd  80  serviceable,  so  beneficent  and  yet  sometimes  so  terrible,  should 
"ave  become  a  subject  of  adoration  and  worship  among  the  inhabitants 
of  the  earth,  but  at  first  sight  it  may  seem  more  than  surprising  that 
^^  study  in  early  times  should  have  been  so  much  neglected. 

2.  This  indifference  can  only  be  attributed  to  that  lack  of  atten- 
tion with  which  men  always  regard  those  things  which  they  are 
^Uj>t<jmed  to  use  instinctively  for  their  needs,  and  which  thev  have 
■^fore  them  at  all  times.  The  first  instinct  of  man  is  to  direct  and 
'^"^  the  forces  of  nature  for  the  purposes  of  life.  Theorising  follows 
^ften^ards.  The  early  acquisition  of  this  practical  knowledge  is 
proved  by  mighty  monuments  which  were  raised  by  the  workmen  of 
^te  earhest  historic  times.       The  magnificent  temples  of  India,   the 
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vast  pyramids  of  Egypt,  the  noble  architecture  and  sculpture  of  Greece 
and  Rome,  prove  that  the  engineers  of  those  days  had  acquired  a 
knowledge  of  some  of  the  methods  of  transporting  cyclopean  masses. 
Various  hydraulic  and  pneumatic  apparatus  were  certainly  in  vogue, 
and  many  engines  were  invented  by  Ctesibus  and  his  pupil  Hero. 

The  ancient  philosophers  were,  however,  strongly  disinclined  to 
impart  their  learning  to  the  public,  and  each  in  general  communicated 
it  only  to  his  special  disciples.  They  all  esteemed  it  an  essential  part 
of  learning  to  be  able  to  conceal  their  knowledge  from  the  uninitiated, 
and  even  those  who  were  most  celebrated  for  their  inventions  were  so 
infected  by  this  superstition  that  they  refrained  from  leaving  any  wiitten 
account  of  their  discoveries, — a  practice  which  was  certainly  detrimental 
to  the  advancement  of  posterity. 

8.  The  question,  "What  is  heat?"  must,  however,  have  been 
proposed  and  pondered  over  by  all  inquiring  minds  from  the  earliest 
times.  Man  could  not  go  on  for  ever  using  fire  to  cook  his  food  and 
warm  his  body  without  seeking  to  know  something  of  the  source  and 
nature  of  this  agent.  The  inquiring  mind  cannot  rest  satisfied  with 
the  mere  observation  of  the  facts  of  natui-e,  but  is  irresistibly  led  to 
investigate  their  origin  and  cause.  The  fact  of  highest  interest  and 
importance  is  that  the  sun  illuminates  and  warms  the  earth,  and  the 
questions  which  must  have  presented  themselves  earliest  to  the  atten- 
tion of  philosophers  were,  "  What  is  light  ? "  and  "  What  is  heat  ? " 
A  question  of  a  much  simpler  order  is,  "  What  is  sound  ?  '*  and  that 
any  satisfactory  answer  has  been  obtained  to  the  two  former  is 
probably  owing  to  the  proposition  and  solution  of  the  latter.  Amid 
the  phenomena  of  sound  we  deiil  with  a  medium  which  we  can  subject 
to  experiment,  and  whose  proj)erties  we  can  thoroughly  examine,  but 
in  the  phenomena  of  heat  and  light  we  step  at  once  into  the  sanctuary 
of  the  unknown.  From  the  domain  of  the  visible  and  tangible  we 
pass  into  that  of  the  invisible  and  intangible.  The  known  process, 
however,  gives  direction  to  the  line  of  thought,  and,  reasoning  by 
analogy,  the  imagination  expands  from  the  domains  of  the  senses  and 
embraces  in  thought  the  regions  which  lie  beyond  it.  By  observation 
and  experiment  the  human  mind  becomes  acquainted  with  a  knowledge 
of  the  properties  and  relations  of  things,  and,  reasoning  upon  the  in- 
formation thus  supplied,  we  rise  to  the  explanation  of  the  unknown 
and  intangible  by  means  of  the  ideas  which  we  have  gained  from  what 
is  known  and  tivngible. 

The  reverse  and  less  philosophic  process — the  explanation  of  the 
visible  by  means  of  the  invisible — seems  to  have  been  the  general 
habit  of  those  who  first  speculated  in  physical  science.     In  all  the 
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pursuits  which  required  refined  taste  and  the  native  powers  of  the 
intellect,  the  ancient  Greeks  were  pre-eminent.  They  possessed,  as  if 
instinctively,  the  perception  of  everything  that  is  sublime  and  beautiful. 
They  were  keen  observers  of  men,  but  as  physical  philosophers  they 
failed,  not  perhaps  from  want  of  genius  or  application,  but  because 
they  pursued  a  false  path ;  because  they  reasoned  more  upon  an 
imaginary  system  of  nature  than  upon  an  accurate  knowledge  of  the 
facts ;  and  tried  to  explain  physical  phenomena  by  resorting  to 
speculation  more  than  to  observation  and  experiment.  The  general 
tendency  was  to  explain  the  seen  by  means  of  the  unseen,  and  to 
appeal  to  the  imagination  rather  than  to  observe  facts.  Thus,  the 
general  effects  of  heat  were  explained  by  the  invention  of  fire  afomSy 
which  drove  furiously  through  the  pores  of  bodies,  and  loosened  their 
molecules  asunder,  reducing  solids  to  liquids,  and  liquids  to  vapours. 

4.  The  systematic  study  of  heat,  as  a  distinct  branch  of  experi- 
mental science,  commenced  little  more  than  half  a  century  ago. 
Previously  the  nature  and  effects  of  heat  (or  fire)  were  investigated 
only  by  the  chemist,  whose  most  powerful  agent  and  ally  it  has 
always  proved.  One  of  the  earliest  attempts  at  theorising  in  chemistry 
originated  in  the  explanation  of  the  nature  of  combustion,  and,  con- 
sequently, in  tracing  the  origin  and  growth  of  our  subject  we  are  led 
back  to  the  early  study  and  growth  of  the  science  of  chemistry,  and  of 
experimental  inquiry  in  general. 

Although  the  practice  of  alchemy  seems  to  have  been  common 
among  the  Egyptians  in  very  remote  ages,  yet  the  origin  of  experi- 
mental inquiry  cannot  be  dated  farther  back  than  the  seventh  or  eighth 
century  of  the  Christian  era.  Its  inception  seems  to  have  been  co- 
eval with  the  short  period  during  which  cultivation  and  scientific 
learning  were  promoted  by  the  Arabians.  Actuated  by  the  desire  for 
wealth,  the  alchemists  ardently  prosecuted  the  search  after  the  artificial 
production  of  the  noble  metals,  and  visionary  as  may  have  been  their 
hopes,  yet  they  made  experiments,  and  the  experiments  of  the 
alchemists  were  more  calculated  to  extend  the  bounds  of  human 
knowledge  than  the  speculations  of  the  Greeks. 

While  Greece  and  Italy  sank  into  barbarism,  the  early  Mohammedans, 
who  had  previously  destroyed  almost  all  the  records  of  the  progress 
'^►f  the  human  mind,  rekindled  the  light  of  learning,  and  l)ecame 
the  cultivators  of  a  new  science.  From  Egypt,  where  they  became 
acquainted  with  the  Aristotelian  philosophy  and  chemistry,  they 
penetrated  through  northern  Africa,  and  crossed  over  into  Spain, 
iind  here  arts  and  sciences  flourished  under  their  dominion.  The 
aciwlemies  of  Spain  were  soon  thronged  with  students  from  all  parts 


6  THEORY  OF  HEAT  chap,  i 

of  the  Christian  world,  the  knowledge  of  alchemy  spread,  and  in  the 
thirteenth  century  alchemists  of  the  Arabian  school  were  established 
in  all  the  chief  countries  of  Europe. 

6.  Amongst  a  people  of  conquerors  disposed  to  sensuality  and 
luxury,  even  from  the  very  spirit  of  their  religion,  and  who  were 
romantic  and  magnificent  in  their  views  of  power,  it  was  not  to  be 
expected  that  any  new  science  would  be  pursued  in  a  rational  and 
philosophic  manner.  As  a  consequence  the  early  discoveries  in 
chemistry  led  to  the  practice  of  alchemy,  the  objects  of  which  were  to 
produce  a  substance  (the  philosopher's  stone)  capable  of  converting  all  the 
other  metals  into  gold,  and  to  discover  the  elixir  of  life — a  universal 
remedy  «igainst  old  age,  calculated  to  presen*e  youth  and  prolong 
indefinitely  the  period  of  human  life. 

The  processes  relating  to  the  discovery  of  the  philosopher's  stone 
and  the  elixir  of  life  were  probably  widely  difiiised  by  means  of  the 
Crusades,  for  many  of  the  warriors  who,  animated  with  visionary  plans 
of  conquest^  fought  the  battles  of  their  religion  in  Palestine,  seem 
to  have  returned  to  their  native  lands  un<ler  the  influence  of  a  new 
delusion. 

At  this  time  the  public  spirit  of  the  West  was  calculated  to  assist 
the  progress  of  all  pursuits  that  carried  with  them  the  air  of  mysticism. 
Burning  with  the  anlour  of  a  nipidly-extending  and  exalted  religion, 
men  were  much  more  ilisposed  to  believe  than  to  reason.  In  all  times, 
however,  the  love  of  knowledge  and  power  has  l>een  instinctive  to 
the  human  mind  ;  in  darkness  it  desires  light,  and  follows  it  with 
ardent  enthusiasm,  even  when  appearing  in  delusive  glimmerings. 

6.  The  Middle  Ages  consequenth*  constitute  what  may  be  regarded 
as  the  heroic,  or  fabulous,  epoch  in  experimental  physics,  and,  ai 
might  be  expected,  their  records  contain  a  great  variety  of  anecdotes 
relating  to  the  transmutation  of  metals,  and  the  views  or  pretensions 
of  persons  considereil  as  adepts  in  alchemy. 

Some  of  these  alchemists  were  low  impostors,  whose  object  was  t< 
delude  and  defraud  the  credulous  and  ignorant.  Others  seem  to  hav< 
deceivcil  themselves  with  vain  hopes,  but  all  followed  the  piu^uit  as  i 
secret  and  mysterious  study.  The  processes  were  communicated  onh 
to  a  few  chosen  disciples,  and,  l>eing  veiled  in  the  most  obscure  anc 
enigmatic  language,  their  importance  wj\s  enhanced  by  their  ambiguity 

In  all  aices  men  have  boon  governeil  more  by  what  thev  desire  oi 
fear  than  by  what  they  know,  and  in  this  ,ngo  it  was  particularly  eas] 
to  deceive,  but  difficult  to  enlighten,  the  public  mind.^     Truths,  how 

^  That  tho  doiusions  of  aloV.omy  wore  arvieniiv  pursuo.i  may  W  learned  fi\>m  t\v 
public  act*  of  thes*,'  limos.     In  It'^lt?  the  alchemists  weix*  openly  comiemneil  by  Pop 
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ever,  were  discovered,  but  they  were  so  blended  with  the  false  and 
marvellous  that  another  era  was  required  to  separate  them  from  con- 
comitant absurdity,  and  to  demonstrate  their  true  importance  and 

0868. 

The  alchemists  in  chemistry  have  been  somewhat  like  the  per- 
petual motionists  in  natural  philosophy.  Both,  by  seeking  after  the 
impossible,  have  led  up  to  discoveries  of  the  greatest  importance  and 
practical  value.  Both,  like  the  fabled  husbandmen  of  old,  by  seeking 
ifter  brilliant  impossibilities,  sometimes  discovered  useful  realities, 

7.  Even  in  these  times,  however,  progress  was  made,  and  there 
^ere  some  who  essayed  to  form  scientific  views.  Men  of  exceptional 
ntellectual  power  were  found  differentiating  themselves  from  the 
Towd,  and  seeking  to  connect  natural  phenomena  with  their  physical 
mnciples.  By  the  early  alchemists  the  elements  had  been  placed 
inder  the  dominion  of  spiritual  beings,  and  their  followers  in  Europe 
H)nceived  gnomes  and  nymphs,  sylphs  and  salamanders,  genii  and 
aides,  capable  of  being  governed  and  enslaved  by  man.  These 
spiritual  agents  seem  to  have  originated  with  the  alchemists,  who  all 
professed  to  believe  iu  supernatural  powers,  in  an  art  above  experi- 
Bent,  and  a  system  of  knowledge  not  derived  from  the  senses.  In 
«kiition,  the  systems  of  logic  adopted  in  the  schools  were  founded 
■ather  \x\yon  the  analogies  of  words  than  upon  the  relations  of  things, 
wid  they  were  consequently  more  calculated  to  conceal  error  than  to 
iiscover  the  truth. 

8.  \\'ith  the  revival  of  literature  in  Europe  came  the  desire  for 
philosophic  discussion  in  the  sciences.  The  diffusion  of  letters  gradu- 
ally brought  the  opinions  of  men  to  the  standard  of  truth  and  nature. 
Failures  in  the  experimental  arts  produced  caution,  and  the  frequent 
ietection  of  imposture  created  rational  scepticism.  Science  demanded 
•be  extirpation  of  the  gods  and  demons  which  haunted  its  domains, 
md  calle<l  for  absolute  reliance  upon  law  in  nature.  The  supernatural 
"^as  swept  from  the  field,  and  gave  place  to  a  rational  basis  for  natuRil 
phenomena,  and  the  problems  previously  attacked  from  alx)ve  were 
now  approached  from  below. 

In  the  beginning  of  the  thirteenth  century  Roger  Bacon  of  Oxford 
applied  himself  to  observation  and  experiment  with  characteristic 
talent  and  sagacity.  A  man  of  truly  philosophic  turn,  desirous  of 
investigating  natiu'c,  and  of  extending  the  resources  of  art,  his 
in«iuiries  offered  some  veiy  extraordinary  comlnnations,  but  neither 

John  XXII.  as  imijostors,  who  proinisiHl  what  they  did  not  jierforin,  and  in  England 
»n  Art  of  Parliament  was  passed  in  the  fifth  year  of  the  reign  of  Henry  IV.,  pio- 
lihiting  attemptH  at  transmntation,  and  nMulering  them  felonious. 
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his  labours  nor  those  of  Albert  of  Cologne  (a  contemporary  genius  of 
kindred  spirit)  seem  to  have  had  any  considerable  influence  on  the 
improvement  of  his  age.  The  wonders  performed  by  the  experimental 
art  were  attributed  by  the  vulgar  to  magic,  and  at  a  time  when  know- 
ledge resided  only  in  the  cloister  any  new  philosophy  was  regarded  by 
the  learned  with  a  jealous  eye. 

9.  Before  the  time  of  Lord  Bacon  there  had  been  no  distinct  views 
concerning  the  art  of  experimental  inquiry.  It  was  left  for  him  to 
point  out  how  little  could  be  effected  by  the  unassisted  human  powers. 
He  directed  the  attention  of  inquirers  to  artificial  resources  and  the 
use  of  instruments  for  assisting  the  senses,  and  for  examining  bodies 
under  new  relations.  He  taught  that  man  was  but  the  servant  and 
interpreter  of  nature,  capable  of  discovering  truth  in  no  way  but  by 
observing  and  imitating  her  operations  ;  that  facts  were  to  be  collected 
before  speculations  were  formed ;  and  that  the  materials  for  the 
foundations  of  tnie  systems  of  knowledge  were  not  to  be  discovered 
in  the  books  of  the  ancients,  nor  in  metaphysical  theories,  nor  in  the 
fancies  of  men,  but  by  observation  of  the  visible  and  tangible  in  the 
external  world. 

Facts  are  independent  of  taste  and  fashion,  and  are  subject  to  no 
code  of  criticism.  They  are  perhaps  more  useful  when  they  con- 
tradict than  when  they  sup|X)rt  received  doctrines,  for  our  theories  at 
best  are  only  imperfect  approximations  to  the  real  knowledge  of 
things,  and  in  all  physical  research  doubt  is  usually  an  incentive  to 
new  labours,  and  tends  continually  to  the  development  of  truth.  The 
thoughts  and  questionings  of  man  turn  towards  the  sources  of  natural 
phenomena  and  seek  a  knowledge  of  the  actions  which  underlie  them. 
By  a  process  of  al)s traction  from  experience  physical  theories  are 
formed  which  lie  outside  the  pale  of  experience,  but  which  satisfy  the 
desire  of  the  mind  to  see  every  event  in  nature  resting  upon  a  cause. 
Natural  philosophy  is  an  experimental  and  not  an  iniuitive  science,  and 
a  piiori  reasoning  cannot  alone  conduct  us  to  a  physical  truth.  We 
must  endeavour  to  discover  what  it  is,  and  not  speculate  on  what  it 
might  be,  or  decide  on  what  ought  to  have  been,  and  the  causes  and 
connections  of  the  phenomena  of  nature  have  escaped  the  apprehension 
of  man  for  ages  by  the  wilful  ignoiing  of  this  fact.^ 

10.  About  the  middle  of  the  seventeenth  century  mathematical 
and  physical  investigations  were  pursued  in  every  part  of  the  civilised 
world  with  an  enthusiasm  before  unknown.  The  new  mode  of 
improving  knowledge  by  collecting  facts,  associated  together  a  number 
of  labourers  in  the  same  pursuit.     It  was  felt  that  the  whole  of  nature 

^  See  Tait's  Sketch  of  Thermalynnmics.     Edinburgh  :  David  Douglas. 
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was  yet  to  be  investigated,  and  that  there  were  distinct  subjects 
connected  with  utility  and  glory,  sufficient  to  employ  all  inquirers, 
yet  tending  to  the  common  end  of  promoting  the  progress  of  the 
human  mind. 

Learned  bodies  were  formed  in  Italy,  England,  and  France,  for  the 
purpose  of  the  interchange  of  opinions,  the  combination  of  labour,  the 
division  of  expense  in  performing  new  experiments,  and  the  accumu- 
lation and  diffusion  of  knowledge.     The  Academy  del  Cimento  was 
estabhshed  in  1651,  under  the  patronage  of  the  Duke  of  Tuscany; 
the  Royal  Society  of  London  in  1660;  and  the  Royal  Academy  of 
Sciences  of  Paris  in  1666.     A  number  of  celebrated  men,  who  have 
been  the  great  luminaries  of  the  different  departments  of  science,  were 
brought  together  or  arose  in  these  noble  establishments.     The  ardour 
of  scientific  investigation  was  excited  and  kept  alive  by  sympathy. 
Taste  was  improved  by  discussion,  and  by  a  comparison  of  opinions. 
The  conviction    that   useful   discoveries  would   be   appreciated   and 
rewarded  was  a  constant  stimulus  to  industry,  and  every  field  of 
inquiry  was  open  to  the  free  and  unbiassed  exercise  of  the  powers  of 
genius. 

11.  Chemistry  had  scarcely  begun  to  assume  the  form  of  a  science 
when  the  attention  of  all  the  most  brilliant  intellects  became  directed 
to  another  object  of  research.  The  Newtonian  philosophy  sprang  into 
full  life  at  a  single  bound,  and  its  objects  were  calculated  by  their 
grandeur  to  monopolise  the  attention  of  the  most  gifted  men  of  the 
^e.  The  effect  occasioned  on  the  scientific  minds  of  the  time  has 
^n  compared  to  that  which  the  new  sensations  of  vision  produce  on 
the  blind  receiving  sight.  The  highest  interest  and  most  enthusiastic 
admiration  were  awakened,  and  for  nearly  half  a  century  the  new 
study  engrossed  the  thoughts  of  the  most  eminent  philosophers  of 
E'lrope. 

At  length  the  current  of  scientific  thought  began  to  flow  in  other 
channels,  and  in  the  latter  half  of  the  eishteenth  centurv  the  founda- 
tions  of  a  systematic  inquiry  into  the  nature  of  heat  were  laid  by 
Black,  Wilcke,  Crawford,  Irvine,  and  Lavoisier,  followed  by  Rumford, 
^tet,  Herschel,  Leslie,  Dalton,  Davy,  (Tay-Lussac,  and  many  others. 
'^n  the  basis  thus  firmly  laid  a  noble  edifice  has  since  been  raised,  a 
lasting  monument  to  the  genius  of  the  nineteenth  century ;  and  from 
We  to  highest  battlement  may  be  traced  the  work  of  our  illustrious 
countrymen — Rankine,  Joule,  and  Thomson. 

12.  A  review  of  the  opinions  of  the  ancients,  and  of  their  specula- 
tions in  physical  science,  may  prove  amusing  in  some  parts,  but  every- 
where it  is  a  most  instructive  task.     Their  writings  on  every  branch 
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partake  more  of  the  character  of  a  record  of  ingenious  speculatio 
than  of  experimental  inquiry.  Hypotheses  of  a  mystical  charactc 
were  framed  to  explain  the  phenomena  of  nature,  and  physical  result 
wore  based  on  meaningless  dogmas.  Men  were  told  that  the  planet 
move  in  circles  hecatise  circular  motion  is  perfect,  and  systems  c 
physics  were  founded  on  the  assertion  that  *'  nature  abhors  a  vacuum 
and  the  Latin  dogma,  "causa  equat  effectum."  While  this  laste 
progress  in  the  physical  sciences  was  impossible.  Dogma  was  hande 
down  from  generation  to  generation,  and  free  thought  found  no  pla< 
in  the  schools  of  the  Middle  Ages. 

It  is,  however,  unfair  to  boast  of  the  progress  of  the  nineteent 
century  as  compared  with  that  of  the  generations  which  have  precede 
it.  At  a  time  when  little  is  known  men  grope  after  knowledge  in  tl 
dark,  and  though  the  gateway  may  be  near  at  hand,  the  entrance  ma 
not  be  effected,  until  happily  some  one  stumbles  in  by  accident.  On< 
entered,  the  passage  becomes  easy  for  those  who  follow,  and  futui 
progress  is  enormously  assisted  by  the  history  of  the  failures  ar 
successes  of  those  who  have  gone  before.  Difference  of  native  intc 
lectual  power  in  different  ages  is  not  so  much  the  cause  of  the  var 
ing  success  attending  the  labours  of  men  as  the  peculiar  nature  < 
the  artificial  resources  and  means  in  their  possession.  At  all  tim< 
progress  is  retarded  by  absolute  reliance  on  the  work  of  great  master 
The  first  function  of  the  human  mind  is  to  doubt,  and  to  free  itse 
from  prejudice  and  from  all  testimony  which  may  deceive  the  sense 
Emancipation  from  the  slavery  of  superstition  and  the  influences 
e<irly  education  is  a  very  slow  process.  Sentiment  is  constitution 
to  mankind,  and  the  strongest  intellects  find  it  hard  to  break  aw* 
from  the  teaching  of  those  whom  they  have  early  learned  to  reverenc 
even  when  its  errors  are  clearly  and  conclusively  pointed  out  to  thei 
Throughout  this  long  period  the  spirit  of  free  inquiry  was  growii 
and  gathering  strength  for  a  brave  stniggle  against  the  superstitic 
and  mysticism  in  which  it  was  entangled.  The  germ  of  true  scientit 
inquiry  finally  took  root  and  flourished.  Intellectual  health  ensue 
and  resulted  in  scientific  progress.  The  abominations  of  the  alchemis 
were  swept  away,  the  spirits  of  the  air  disappeared,  and  the  pursuit 
science  became  the  free  inquiry  after  truth. 

The  history  of  such  a  period  is  therefore  not  merely  a  matter 
curiosity.     It  is  a  great  lesson  to  all  subsequent  ages.     It  shows  th 
truth  in  physical  science  is  not  to  be  sought  for  in  dogma,  nor  can 
system  of  nature  be  built  up  from  our  inner  consciousness,  but  that 
must  be  sought  for  earnestly  and  honestly  by  patient  observation  ai 
skilled  experiment. 
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It  is  sometimes  asserted  that  metaphysical  speculation  is  a  thing 
of  the  past,  and  that  physical  science  has  extirpated  it.  But  as  long 
as  the  mind  of  man  is  fresh,  speculation  will  continue  as  fascinating  as 
it  was  in  the  days  of  Thales.  Perhaps  at  no  time  has  the  scientific 
atmosphere  been  more  pregnant  with  speculation  than  at  present 
Almost  every  day  fresh  discoveries  are  made  and  new  theories  formu- 
lated and  advanced  on  doubtful  or  entirely  hypothetical  foundations. 
At  the  same  time  the  germs  of  all  kinds  of  mental  disorders  are  rife. 
Perpetual  motionists  and  believers  that  the  earth  is  flat  have  not  yet 
become  extinct.  Spiritualists  and  quack  scientists  increase  at  an 
amazing  pace,  and  the  patent -medicine  man  grows  wealthy,  while 
the  spirit  of  true  scientific  inquiry  sickens  in  the  fierce  struggle  for 
existence. 


SECTION   II 

PRELIMINARY  REMARKS   ON  THE  GENERAL  EFFECTS  OF   HEAT,  AND   ON 
THE   MEANING   OF   THE   TERMS   USED    IN   THE   SUBJECT 

13.  The  Sense  of  Heat. — The  terms  hot  and  cold  are  primitive 
words  of  the  language  referring  to  a  certain  class  of  sensations  which 
we  experience  through  the  sense  of  heat.  The  sense  of  touch  is  regarded 
by  some  as  a  double  sense,  embracing  that  of  heat  as  well  as  that  of 
force  or  resistance.  When  a  body  is  touched  with  the  hand  two  very 
distinct  sensations  are  in  general  experienced,  one  a  feeling  of  resist- 
ance or  force,  and  the  other  of  warmth  or  coldness  derived  through 
what  is  termed  our  sense  of  heat.  The  latter  class  of  sensation  is  also 
experienced  when  we  sit  in  the  sun  or  before  the  fire,  or  in  the  neigh- 
bourhood of  any  hot  body,  and  consequently  to  excite  it  actual  contact 
with  matter  is  not  necessary.  It  is  therefore  not  at  all  obvious  that 
the  sense  of  heat  is  part  of,  or  in  any  way  related  to,  the  sense  of 
touch.  On  the  contrary,  it  appears  to  be  much  more  closely  related 
to  the  sense  of  sight.  A  hot  body  is  to  be  regarded  as  the  source  of 
an  influence  which  affects  the  sense  of  heat  just  as  a  luminous  body  is 
regarded  as  the  source  of  an  influence  aflfecting  the  sense  of  sight 
The  name  given  to  the  active  agent  in  the  former  case  is  heat  and  in 
the  latter  lights  and  we  shall  see  as  the  subject  progresses  that  these 
two  influences  are  of  the  same  character,  and  that  the  nature  of  the 
active  agent  in  one  case  is  the  same  as  in  the  other.  The  sense  of 
heat,  therefore,  is  quite  as  distinct  as  the  sense  of  sight,  and  is  certainly 
less  related  to  the  sense  of  touch  than  is  the  sense  of  taste  or  smell 
which  both  depend  upon  contact  with  some  form  of  matter  (see 
further,  p.  33). 

14.  Definition  of  Temperature. — The  words  hot  and  cold,  or  hot- 
ness  and  coldness,  refer  to  the  state  of  a  body  as  judged  by  the  sense 
of  heat.  By  means  of  this  sense  we  say  that  one  body  is  hot  and  that 
another  is  cold,  or  that  one  l)odv  is  hotter  than  another.  If  several 
pieces  of  the  same  substance  be  given,  we  can  by  means  of  the  sense  of 
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leat  alone  arrange  them  in  order  so  that  each  shall  be  hotter  than  all 
.hat  precede  it  in  the  series  and  colder  than  all  that  come  after.  We 
ire  hence  led  to  the  idea  of  a  scale  of  hotiies.%  and  to  inquire  how  much 
5ne  body  is  hotter  than  another. 

The  estimation  of  the  hotness  of  a  body  must  of  course  be  relative 
to  some  scale  or  standard  of  measurement.  When  this  standard  is 
chosen  we  may  speak  scientifically  of  the  hotness  of  a  body,  and  for 
this  purpose  the  word  temperature  is  employed.  The  word  temperature 
thus  means  simply  the  degree  of  hotness  of  a  body  measured  accord- 
ing to  some  arbitrarily  chosen  scale.  It  is  a  scientific  term,  and  Scientific 
contains  all  the  meaning  of  the  primitive  word  hotness,  as  well  as  ^^' 
the  idea  of  a  measure  of  the  hotness.  It  embraces  two  conceptions — 
first,  the  idea  of  equality  of  hotness,  or  that  condition  of  two  pieces  of 
matter  when  they  are  said  to  have  the  same  temperature ;  and  secondly, 
the  idea  of  difference  of  hotness  and  of  its  mode  of  measurement. 

By  means  of  the  sense  of  heat  alone  a  series  of  pieces  of  the  same 
substance  might  be  arranged  in  order  of  temperature,  or  the  equality 
of  temperature  of  two  pieces  of  the  same  substance  might  be  fairly 
accurately  judged,  and  if  the  impressions  could  be  distinctly  re- 
membered a  system  of  measurement  of  temperature  might  be  founded 
on  the  sense  of  heat  alone.  Accuracy  by  this  /nethod  would  be  prac- 
tically impossible,  for  the  recollection  of  even  a  single  temperature  can 
he  only  roughly  retained  by  those  who  specially  cultivate  the  sense  of 
heat  for  this  purpose,  such  as  bath  attendants  or  hospital  nurses.  For 
scientific  purposes  it  is  therefore  highly  desirable  to  estimate  temper- 
ature by  some  property  of  matter  which  varies  continuously  with  the 
hotness,  and  which  always  remains  the  same  at  the  same  hotness. 

Intervals  of  hotness  cannot,  however,  be  measured  in  the  proper 
sense  of  the  word.  They  may  be  indicated  in  a  thoroughly  definite 
°uumer,  according  to  some  chosen  scale  or  standard,  but  one  hotness 
cannot  be  expressed  in  terms  of  another  in  the  same  sense  that  one 
kngth  or  mass  may  be  expressed  in  terms  of  another.  In  order  to 
^tfmrt  any  magnitude  we  must  compare  it  with  some  other  magnitude 
of  the  same  order  which  is  taken  as  the  unit.  Thus  a  measuring  tape 
is  constructed  by  adding  together  any  number  of  units  of  length,  but 
^e  possess  no  means  of  adding  together  in  the  same  way  units  of 
kotness.  When,  however,  the  scale  of  temperature  is  laid  down  and 
graduated  by  arbitrary  definition,  we  may  say  that  the  interval 
hetween  two  temperatures  is  equal  to  the  interval  between  two  other 
temperatures,  meaning  thereby  merely  that  each  interval  contains  the 
same  number  of  scale-units  on  our  chosen  system. 

16.  Expansion. — One  of  the  most  general  effects  of  change  of 
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temperature  or  hotness  in  any  body  is  change  of  bulk,  or  expansion 
by  heat.  The  bulk  of  every  body,  with  few  exceptions,  is  foun<l  to 
increase  continuously  with  its  hotness,  and  consequently  this  change 
has  been  selected  as  the  basis  of  a  method  of  measuring  temperature. 
The  mode  by  which  the  change  of  temperature  is  indicated  by  the 
change  of  volume  of  course  remains  a  matter  of  choice,  as  well  as  the 
particular  substance  employed. 
General  There  are  many  ways  of  exhibiting  the  expansion  of  solids  by 
effects.  ]^Q2Lt,  and  several  of  these  are  so  common  that  almost  every  one  must 
be  familiar  with  them.  Thus  the  metal  rails  on  a  railway  track  are 
laid  not  with  their  ends  in  contact,  but  with  a  short  space  between  to 
allow  for  expansion  in  summer,  and  for  the  same  reason  in  large 
stnictures,  such  as  metal  bridges,  the  gii-ders  are  not  fixed  rigidly  at 
both  ends,  but  a  certain  play  is  allowed  so  that  they  may  expand 
without  warping  or  rupturing  the  structure.  This  expansion  is  also 
made  use  of  in  the  shoeing  of  cart  wheels,  the  tyre  being  slipped  on 
while  hot,  and  as  it  cools  it  contracts  and  clasps  the  wooden  frame 
within.  A  similar  application  occurs  in  the  bracing  together  of  the 
walls  of  a  building  which  suffer  from  an  outward  lean.  Strong  bars 
of  iron  are  thnist  through  the  building  and  secured  on  the  outside 
while  hot,  and  on  cooling  the  bars  contract  and  pull  the  walls 
together.  To  expansion  also  is  to  be  attributed  the  ventilation  of 
mines  and  houses,  as  well  as  the  general  circulation  of  water  and  air 
on  the  earth's  surface,  and  the  effect  of  these  great  ocean  streams  and 
air  currents  is  to  produce  a  more  uniform  distribution  of  temperature. 
A  familiar  class  illustration  is  that  known  as  Gravesande's  ring. 
A  metal  sphere  which  just  passes  through  a  ring  when  cool,  when  heated 
over  a  lamp  will  no  longer  jmss  through.  Its  diameter  is  now  larger 
than  that  of  the  ring,  but  in  cooling  it  contracts  and  again  passes  freely 
through.  In  the  same  manner  a  metal  l)ar  which  fits  into  a  tube 
when  cold  cannot  when  heated  be  passed  into  the  same  tube.  It  is 
for  this  reason,  that  a  glass  stopper  tightly  jammed  in  the  neck  of  a 
bottle  may  be  easily  removed  by  heating  the  neck.  The  heat  of  the 
hand  placed  around  the  neck  of  the  bottle  is  often  sufficient  for  this 
purpose.  If  the  stopper  happens  to  be  colder  than  the  neck  of  the 
bottle  when  it  is  inserted  in  it,  then,  as  the  neck  cools,  it  contracts 
and  grasps  the  stopper  tightly.  In  the  same  manner  ordinary  tumblers 
often  become  wedged  within  one  another,  and  in  such  cases,  if  the 
inner  is  initially  much  colder  than  the  outer,  the  contraction  of  the 
latter  or  expansion  of  the  former  may  lead  to  the  fracture  of  one  or 
both. 

One  of  the  most  interesting  illustrations  of  expansion,  however,  is 
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presented  iu  the  gradual  creeping  of  a  sheet  of  metal  down  a  slope. 
Take  the  case  of  a  long  bar  of  metal  lying  lengthwise  down  an  inclined 
plane.  When  the  temperature  increases  the  bar  expands  and  pushes 
forward  its  lower  end  rather  than  its  upper,  on  account  of  the  action 
of  gravity  which  facilitates  motion  down  the  plane  rather  than  up  it. 
In  the  same  way,  when  the  bar  cools  it  contracts  and  draws  in  its  upper 
end,  and  this  process  goes  on  with  every  variation  of  temperature,  the 
result  being  that  the  bar  gradually  creeps  down  the  incline  worm-wise 
by  alternately  pushing  forward  its  lower,  and  pulling  in  its  upper  end. 
The  gradual  creeping  in  this  manner  of  the  sheet  lead  covering  the 
choir  of  Bristol  Cathedral  is  cited  by  Professor  Tyndall,^  the  rate  of 
motion  being  about  9  inches  per  annum. 

Similarly,  by  placing  a  metal  bar  on  wheels  capable  of  rotation  Creepers, 
in  one  direction  only,  the  system  will  creep  forward  in  this  direction 
with  every  variation  of  temperature,  so  that  the  ordinary  variations 
of  temperature  by  day  and  night  will  cause  this  apparatus  to  move 
in  any  desired  direction,  up  hill  or  down,  and  during  this  motion  it 
might  be  loaded  in  any  way,  and  perform  the  part  of  a  heat  engine. 
The  motion,  of  com^e,  would  be  very  slow  unless  special  means 
were  devised  to  increase  it.  Thus,  for  example,  the  bar  might  be 
replaced  by  a  highly  expansive  liquid  enclosed  in  a  large  bulb 
furnished  with  a  cylindrical  tube  in  which  a  piston  is  fitted.  When 
the  temperature  rises,  the  liquid  in  the  bulb  will  expand  and  push 
the  piston  forward,  and  when  the  temperature  falls,  the  liquid  will 
contract,  leaving  a  vacuum  behind  the  piston,  and  for  this  reason 
the  bulb  will  move  forward,  since  on  account  of  the  construction  of 
the  wheels  on  which  the  instrument  is  supported  the  piston  cannot 
move  back.  Similar  apparatus  may  be  constructed  by  supporting  on 
wheels  bent  tubes  filled  with  some  expansive  liquid  or  a  bent  strip 
of  two  or  more  metals  welded  together,  such  as  those  employed  in 
metallic  thermometers  (see  Art.  79).  In  principle,  however,  all  such 
forms  of  apparatus  are  the  same  as  the  curiosity  know  as  Stevenson's 
Creeper.- 

In  the  case  of  solids,  the  volume  may  be  measured  directly,  and  Apparent 
the  absohite  expansion  determined,  but  in  the  case  of  liquids,  which  ®*r*°®*°"- 
mast  be  enclosed  in  some  solid  envelope,  the  expansion  of  the  liquid 
is  complicated  by  that  of  the  vessel  which  contains  it,  and  the  result 
obsen-ed  is  the  relative  or  apparent  expansion  of  the  liquid  in  the 
envelope.  Thus,  for  example,  if  a  large  bulb  furnished  with  a  narrow 
stem,  or  a   flask   with  a  narrow  neck,  be  filled   with  a   liquid,   and 

»  Tyndall,  Heat  a  Mode  of  Motion,  p.  95,  6tli  edition. 
^  Described  in  Tail's  Heat,  p.  116. 
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then  heated  over  a  lamp,  the  liquid  will  at  first  be  observed  to 
descend  in  the  neck  as  if  it  contracted  when  heated.  Soon,  however, 
the  apparent  contraction  ceases,  and  the  liquid  begins  to  rise  in  the 
stem,  and  continues  to  do  so  as  the  temperature  becomes  more  and 
more  elevated.  The  first  effect  is  due  to  the  sudden  expansion  of  the 
flask  before  the  general  mass  of  the  liquid  becomes  warm.  For  tbis 
reason  the  internal  volume  of  the  flask  is  increased  while  the  volume 
of  the  liquid  is  scarcely  altered.  Soon,  however,  the  liquid  grows 
warm  and  expands  accordingly.  If  the  expansion  of  the  liquid  be 
greater  than  that  of  the  envelope,  the  level  of  the  liquid  will  rise  in 
the  neck,  but  if  it  be  less,  the  level  of  the  liquid  will  fall.  The  level 
would  neither  rise  nor  fall  if  the  expansion  of  the  liquid  were  the 
same  as  that  of  the  envelope.  The  movement  of  the  liquid  in  the 
stem,  therefore,  does  not  indicate  its  absolute  expansion,  but  only  its 
apparent  expansion,  or  its  expansion  relative  to  that  of  the  material 
of  the  envelope. 

16.  Change  of  State. — Another  general  effect  of  heat  on  matter  is 
change  of  physical  state.     By  sufficiently  increasing  the  temperature, 
solids  are  converte<l  into  liquids,  and  liquids  into  vapours.     While 
either  change  is  taking  place  the  temperature  of  the  mass  is  found 
to  remain  constant  till  the  change  is  completely  effected.     Thus,  if  ^ 
vessel  full  of  broken  ice  be  placed  over  a  lamp,  the  ice  will  gradually 
melt,  but  the  tempei-ature  of  the  whole  mass  will  not  alter  till  the  melt>- 
ing  is  completed.     The  heat  received  is  employed  in  changing  the  stata 
of  the  substance,  in  converting  it  from  solid  ice  to  liquid  water.     I^ 
the  supply  of  heat  be  still  continued,  the  liquid  will  rise  in  temper- 
ature and  ultimately  begin  to  boil.     When  this  point  is  reached, 
the  temperature  again  remains  stationary.     The  liquid  simply  passes 
into  vapour,  and  the  heat  supplied  during  this  process  is  used  up  in 
changing  the  state  of  the  substance  from  that  of  liquid  to  that  oi 
vapour. 

The  change  of  physical  state  of  any  substance  thus  furnishes 
us  with  two  fixed  temperatures  when  the  conditions  under  which 
the  change  takes  place  are  given.  Such  changes  are  often  very 
abrupt,  and  are  consequently  not  suited  to  the  estimation  of  tem- 
peratures which  vary  continuously  or  rapidly.  They  serve  rather  to 
indicate  particular  temperatures.  For  this  reason  the  property  made 
use  of  most  commonly  in  practice  is  the  change  of  volume  of  som^ 
liquid  contained  in  a  glass  envelope,  such  as  the  ordinary  mercuriftl 
thermometer. 

17.  The  Mercury  Thermometer. — For  the  better  understanding  of 
the  subsequent  matter  of  this  chapter,  it  may  be  well  here  to  describe 
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ihe  ordinary  mercury  thermometer,^  which  is  the  instrument 
mmoiily  employed  in  the  measurement  of  temperature.     The 

Y  made  use  of  in  this  instrument  for  the  measurement 
)erature  is  the  expansion  of  mercury  enclosed  in  a  glass 
Lijg  flask,  or  volume  indicator.  This  consists  of  a  glass 
;enerally  cylindrical  or  spherical,  furnished  with  a  stem 
lary  bore  (Fig.  1).  The  bulb  and  part  of  the  stem  are  "*" 
ith  mercury,  and,  as  already  explained,  the  level  of  the 

Y  in  the  stem  will  vary  with  the  temperature,  unless 
kS8  and  the  mercury  expand  equally  when  heated.  As 
er  of  fact,  the  mercury  is  much  more  expansible  than 
US8,  and  the  level  of  the  mercury  rises  in  the  stem  as 
trument  grows  warmer. 

re,  then,  we  have  an  instrument,  the  indications  of  which 
mtinuously  with  its  hotness,  and  which  will  always  show 
ne  indications  under  the  same  conditions,  and  which, 
re,  supplies  a  mode  of  measuring  temperature,  and 
\  us  to  define  degrees  of  temperature,  so  that  it  shall 
le  way  indicate  the  hotness  of  a  body,  and  thus  replace 
ise  of  heat. 

order  to  obtain  a  numerical  measure  of  temperature  the 
Qent  must  be  graduated,  and  for  this  purpose  two  fixed 
atures  are  chosen.  The  points  of  the  stem  at  which 
ercury  stands  at  these  two  temperatures  are  marked, 
le  portion  of  the  stem  between  them  is  divided  into 
esirable  number  of  parts  of  equal  capacity.  The  two 
points  correspond  to  the  temperature  of  melting  ice  and  the 
■ature  of  the  vapour  of  water  boiling  under  the  pressure  of  a 
rd  atmosphere,  it  having  been  found  that  when  the  instrument  is 

in  melting  ice  or  snow,  the  mercury  always  stands  at  the 
K)int,  and  this,  accoitling  to  our  chosen  measure,  means  that  ice 

melts  at  the  same  temperature  under  the  atmospheric  pressure, 
"  the  same  reason  the  steam  of  boiling  water  is  used  to  determine 
;ond  fixed  point. 

e  have  now  a  definite  standard  of  reference  for  all  other 
•atures.  For  example,  if  the  mercury  stands  below  the  lower 
point,  then  we  say  that  the  temperature  is  below  the  freezing 
of  water,  or  what  is  the  same  thing,  the  melting  jioint  of  ice, 
it  stands  above  the  upper  fixed  point  we  say  the  temperature  is 

than  the  boiling  point  of  water  under  the  pressure  of  one 
)here,    while    for   intermediate    points    we    have    intermediate 

'  The  general  subject  of  Thermometry  is  considered  in  Chap.  II. 

C 
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temperatures.  In  order  to  refer  to  these  temperatures  convenientl]/ 
the  interval  between  the  two  fixed  points  on  the  stem  is  divided  int 
a  number  of  equal  parts.  Let  us  suppose  that  it  is  divided  after  th 
manner  of  Celsius  into  1 00  parts,  the  lower  fixed  point  reading  0^  an< 
the  upper  1 00"* ;  and  let  the  same  process  of  di\'ision  be  continue 
on  the  stem  above  the  upper  and  below  the  lower  fixed  point.^  The 
if  the  mercury  stands  at  20'',  we  refer  to  this  as  the  temperature  20 
meaning  thereby  that  the  temperature  is  such  that  when  the  therm< 
meter  attains  it,  the  mercury  stands  in  the  stem  at  the  division  20 
Wo  do  not  imply,  however,  that  when  the  mercury  stands  at  40^  tl 
temperature  is  twice  as  high  (in  the  sense  of  the  hotness  being  twi< 
as  intense)  as  when  the  mercury  stands  at  20^  or  that  when  it  stam 
at  lOO"",  it  is  four  times  as  hot  as  when  it  stands  at  25*".  It  is  on) 
in  this  sense  that  we  have  said  we  cannot  measure  hotness.  Tl 
thermometer  is  an  indicator  which  enables  us  to  determine  equality  ^ 
temperatures,  and  tells  us  how  much  one  body  is  hotter  or  colder  thi 
another,  in  terms  of  our  chosen  scale.  It  indicates  degrees  of  hotnec 
and  ought  always  to  show  the  siimc  reading  when  at  the  same  hotnec 
By  making  the  \yoTe  of  the  stem  very  fine  and  the  bulb  large,  tl 
instrument  can  be  rendered  very  sensitive,  so  that  small  changes 
tempei-ature  which  would  otherwise  escape  notice  can  be  registered. 

In  this  method  of  estimating  temperature  some  particular  substan 
is  chosen,  and  then  by  deiinition  the  change  of  temperature  is  tab 
proportional  to  the  change  of  volume  of  the  thermometric  substanc 
or  rather  to  the  change  in  the  reading  of  the  thermometer.  Once 
substance  is  chosen,  and  a  thermometer  constructed,  this  may 
Standard  reganled  as  the  standard  instrument  by  means  of  which  all  others  c 
instrument.  ]yQ  standardised,  so  that  all  thermometers  will  agree  in  their  indicatioi 
If  this  plan  were  adopted,  we  should  be  furnished  with  a  definite  ai 
consistent  method  of  estimating  temperature.  All  thermometers  wou 
be  copies  of  a  standard  instriiment,  just  as  our  weights  and  measui 
are  copies  of  arbitrarily-chosen  originals,  kept  for  the  sake  of  referent 
This  plan,  however,  as  will  be  seen  afterwards,  is  not  absolute 
necessary,  for  instruments  can  be  constnicted  which  will  agree  ax 
ciently  well  in  their  indications  without  previous  comjiarison.  Su 
agreement  is  not  found,  however,  among  instruments  which  are  n 
constructed  of  the  same  materials.  Thus  a  mercurv  thermomet 
which  agrees  with  an  alcohol  thermometer  at  the  points  0°  ai 
60  ,  will  in  general  disiigrec  ^nth  it  at  the  other  parts  of  the  sea 
Some  standard  of  comparison    must  therefore   be  chosen,  by  mea 

^  This  is  usually  called  the  centigrade  scale  and  is  indicated  by  the  letter 
thus,— 20"  C. 
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of  which  all  thermometers  are  to  be  graduated,  and  for  this  purpose 
the  gas  thermometer  possesses  special  advantages  (see  Chap.  11. ). 

18.  Expansion  of  the  Thermometrie  Substance — Ck)efflelent  of 
Expansion. — We  shall  now  consider  the  relation  between  the  volume 
and  temperature  of  the  thermometrie  substance,  that  is,  the  substance 
by  the  expansion  of  which  temperature  is  measured.  This  relation  is 
determined  entirely  by  the  method  chosen  for  measuring  temperature, 
and  is  not  to  be  regarded  as  a  new  result  connecting  volume  and 
temperature. 

Let  it  be  supposed  that  equal  changes  of  temperature  are  measured 
by  equal  changes  of  voliune .  of  some  substance.  Then  if  V©  be  the 
volume  at  the  zero  of  the  scale,  and  V  the  volume  at  any  temperature 
^,  we  have — 

where  r  is  the  increase  of  volume  for  one  degree,  or  what  may  be 
called  a  degree  measure,  and  is  by  definition  the  same  all  along  the 
scale.  This  formula  is  merely  the  algebraic  method  of  stating  the 
definition,  or  the  mode  of  measuring  temperature,  and  may  be  written 
in  the  form — 

V  =  V„(n-^^(?)  =  Vo(i  +  a<?). 

The  quantity  a  =  v/Yo  is  obviously  the  expansion  per  unit  volume 
of  the  substance  in  changing  its  temperature  from  0"^  to  l"".  This 
quantity  is  called  its  coefficient  of  expansion  at  zero.  In  general,  the 
coefficient  of  expansion  of  a  substance  is  measured  by  the  change  in 
balk  of  a  unit  volume  of  the  substance  per  degree  of  temperature.  If 
^  and  V  denote  the  volumes  at  temperatures  $  and  (/  respectively, 
then  the  change  in  bulk  of  a  unit  volume  is — 

V'-V 


wid  the  average  change  in  bulk  per  degree  of  temperature  between 

^tnd^wiUbe— 

Y .  v 

This  is  termed  the  mean  coefficient  of  expansion  between  the  tempera- 
tares  B  and  ff.  In  the  case  of  the  thermometnc  substance,  the  meiin 
coefficient  of  expansion  between  zero  and  any  temperature  6  is  con- 
•tant  and  equal  to  t^/V^,  for  we  have  by  definition 


20  THEORY  OF  HEAT  chap,  i 

It  is  to  be  carefully  observed  that  this  formula  holds  only  for  the 
thermometric  substance,  and  is  true  for  it  as  a  result  of  our  definition 
of  temperature,  whereby  equal  increments  of  temperature  are  measured 
by  equal  absolute  increments  of  voliime  of  this  substance.  In  the 
case  of  the  thermometer  just  described  the  expansion  of  the  mercury 
is  measured  by  the  rise  of  the  column  in  a  capillary  glass  tube.  The 
expansion  thus  observed  is  not  the  absolute  expansion  of  the  mercury, 
but  only  its  apparent  expansion  in  a  glass  envelope.  If  the  stem  is 
originally  divided  into  parts  of  equal  capacity,  these  will  increase  as 
the  temperature  rises,  owing  to  the  expansion  of  the  glass.  Hence, 
if  temperature  is  measured  by  the  a])solute  expansion  of  mercury,  the 
expansion  of  the  glass  must  be  taken  into  account  in  graduating 
the  stem  of  a  thermometer.  Correction  in  this  respect  will  render  the 
degree  intervals  shorter  and  shorter  as  we  proceed  up  the  scale.  H 
the  divisions  were  to  be  equidistant  along  the  stem  its  bore  would 
have  to  be  conical,  or  the  substance  of  the  envelope  would  require  to 
be  non-expansible.  It  follows,  then,  that  if  a  denotes  the  zero 
coefficient  of  absolute  expansion  of  the  thermometric  substance,  the 
foregoing  formula  applies  only  to  that  substance.  In  the  case  of  any 
other  substance  the  volume  at  any  temperature  6"  will  be  some 
complicated  function  of  the  temperature,  and  we  may  assume  that  it 
Civn  be  expressed  in  the  form — 

where  V^  is  the  volume  at  zero. 

19.  Temperature  Equilibrium. — If,  when  a  thermometer  is  placed 
in  contact  with  several  bodies,  or  dipped  into  different  liquids,  it 
shows  the  same  reading  in  e^ich  case,  we  say  that  all  these  substances 
are  at  the  same  temperature.  If  now  any  pair  of  these  substances 
be  placed  in  conbiet,  or  mixed  together,  it  is  found  by  experiment 
that  they  still  continue  at  the  same  temperature  (provided  no  chemical 
action  occurs).  It  is  thus  found  that  when  there  is  equality  of 
temperature  before  contact  (or  mixture),  this  equality  remains  after 
contact.  In  this  case  there  is  said  to  be  equilibrium  of  temperature, 
and  we  are  furnished  witli  the  experimental  fact  that  bodies  which  are 
in  temperature  equilibrium  with  the  same  body  are  also  in  temperature 
equilibrium  with  each  other. 

If,  however,  two  bodies  at  different  temperatures  are  placed  in 
contact  it  is  found  that  in  general  the  temperature  of  the  warmer  falls 
while  that  of  the  colder  rises,  and  this  process  continues  till  equi- 
librium is  established.  There  are  cases,  however,  in  which  the 
temperature  of  one  changes  while  that  of  the  other  remains  fixed. 
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This  process  takes  place  when  one  of  the  bodies  is  changing  state, 
as  when  a  mass  of  ice  is  placed  in  a  basin  of  hot  water.  Here  the 
ice  gradually  melts,  but  its  temperature  remains  the  same,  while  that 
of  the  water  gradually  falls,  till  the  melting  is  completed,  or  equality 
of  temperature  is  established.  A  similar  process  occurs  when  a  liquid 
is  being  converted  into  vapour. 

20.  Quantity  of  Heat. — In  order  to  account  for  the  sensation 
experienced  in  presence  of  a  hot  body  an  active  agent  is  postulated, 
and  the  name  given  to  this  agent  is  heat.  A  hot  body  is  regarded  as 
a  source  of  heat  just  as  a  luminous  body  is  regarded  as  a  source  of 
light.  In  the  same  way,  when  two  bodies  at  different  temperatures 
are  placed  in  contact,  the  temperature  of  the  warmer  falls  while  that 
of  the  other  rises.  To  account  for  this  we  say  that  heat  passes  from 
one  to  the  other,  that  the  warmer  loses  heat  and  the  colder  gains  it. 
In  this  sense  heat  is  regarded  as  something  which  may  be  added  to  or 
taken  away  from  matter ;  something  which  can  be  communicated  to 
nuitter,  and  which  can  be  handed  on  from  one  piece  of  matter  to 
another.  Heat  thus  possesses  the  rank  of  a  quantity,  and  we  are  led 
to  seek  how  much  heat  a  body  gains  or  loses  when  its  temperature 
changes.  On  the  other  hand,  temperature  is  regarded  rather  as  a 
quality  which  varies  from  one  body  to  another,  or  from  one  part  to 
another  of  the  same  body,  when  heat  is  being  communicated  to  or 
abstracted  from  it,  or  which  may  vary,  as  we  shall  subsequently  see, 
in  consequence  of  actions  taking  place  within  the  body  itself,  or  per- 
formed on  it  from  without. 

It  must,  however,  be  distinctly  remembered  that  what  we  directly 
«i«frK  is  temperature  and  changes  of  temperature,  and  when  the 
toperature  of  a  body  (free  from  other  actions)  rises  we  say  it  has 
received  heat.  The  effect  observed  is  the  change  of  temperature,  and 
the  postulated  cause  is  addition  or  subtraction  of  heat. 

The  use  of  the  term  force  in  dynamics  is  somewhat  of  the  same 
^ture ;  what  we  really  observe  is  motion  and  changes  of  motion,  or 
^nges  in  the  relative  positions  of  bodies.  To  account  for  change  of 
^tion  the  idea  of  force  is  introduced,  and  a  measure  is  adopted.^ 
Once  a  definite  system  of  measurement  is  laid  down  the  vagueness 
^  the  term  disappears,  and  the  meaning  of  the  force  on  a  body 
Womes  perfectly  clear  and  distinct.  So  to  account  for  changes  of 
temperature  the  idea  of  heat  as  something  which  can  be  added  to 
or  taken  away  from  a  body  is  introduced,  and  a  measure  of  heat  as 
*  quantity  must  also  be  adopted.  For  this  purpose  a  unit  is  essential, 
just  as  in    the   measurement   of   length    or   weight.      This   unit   is 

*  The  idea  of  force  is  probably  chiefly  due  to  the  sense  of  muscular  effort. 
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more  or  less  arbitrary,  and  for  the  purpose  of  definite  measurement 
may  be  chosen  in  connection  with  any  one  of  the  effects  attributed 
to  heat. 

In  popular  language  the  word  heat  has  a  somewhat  lax  usage.  It 
is  sometimes  used  to  denote  a  high  temperature,  as  in  the  phrases, 
"  white  heat,"  "  tropical  heat,"  and  "  blood  heat."  Commonly,  how- 
ever, it  is  used  either  to  express  the  sensations  experienced  in  pre- 
sence of  hot  bodies,  or  else  the  ultimate  cause  of  those  sensations,  and 
in  this  latter  sense  it  is  used  in  such  phrases  as  'Hhe  theory  of  heat'' 
and  "  the  science  of  heat."  In  the  theory  of  heat  we  inquire  into  the 
nature  of  the  process  by  which  the  various  effects  attributed  to  heat 
are  brought  about,  and  seek  to  determine  the  mechanism  by  which 
one  body  becomes  warmer  while  another  becomes  colder,  or,  as  we 
say,  the  process  in  operation  when  heat  enters  or  leaves  a  body. 

In  saying  that  the  heat  of  a  body  increases  with  its  temperature, 
or  that  a  body  loses  heat  in  cooling,  we  tacitly  attribute  to  heat  » 
positive  character,  so  that  its  presence  produces  warmth  and  its 
absence  cold.  The  word  cold,  then,  has  a  negative  character,  and 
merely  refers  to  the  absence  of  heat.  As  the  ideas  of  heat  and  cold 
are  derived  from  the  sensations,  the  positive  value  of  either  might  b^ 
regarded  as  the  negative  value  of  the  other,  and  the  presence  of  on© 
might  be  regarded  as  the  absence  of  the  other.  As  far,  then,  as  th© 
sensations  alone  direct  us,  either  or  both  might  possess  a  positir© 
character.  We  have  no  more  experience  of  the  total  absence  of  heat^ 
or  greatest  possible  coldness,  than  we  have  of  the  greatest  possible 
accumulation  of  heat  or  greatest  possible  hotness.  The  genenJ 
opinion  has  long  been  that  tlie  sensation  of  coldness  is  due  to  loss  of 
heat  and  that  of  warmth  to  the  gain  of  heat.  In  early  times,  how- 
ever,  this  did  not  appear  so  evident.  When  the  hand  is  placed  on  a^ 
piece  of  ice,  instead  of  heat  being  given  by  the  hand  to  the  ice,  some 
philosophers  supix)sed  that  in  such  a  case  the  cold  body  possessed 
minute  "  particles  of  frost "  or  "  frigorific  particles,"  which  passed 
from  cold  bodies  into  those  which  are  warmer,  and  these  spiculse  or 
little  darts  were  supposed  to  account  for  the  acutely  painful  sensatioiiy 
and  some  other  effects,  due  to  intense  cold. 

21.  Unit  of  Quantity. — The  unit  of  heat  generally  employed  is 
the  quantity  of  heat  necessary  to  raise  the  temperature  of  one  gramme 
of  pure  water  one  degree  centigrade.  The  same  quantity  of  heat  will 
be  given  out  by  one  gramme  in  cooling  1°  C.  This,  however,  is  not 
a  priori  evident.  It  is  not  a  truism,  but  a  truth  established  by 
experiment. 

In  the  case  of  a  uniformly-heated  mass  of  water  it  is  legitimate  to 
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isaeit  that  the  quantity  of  heat  contained  in  any  one  gramme  of  it  is 
the  same  as  that  contained  in  any  other,  and  that  the  quantity  of 
beat  required  to  raise  any  one  cubic  centimetre  of  it,  from  any  one 
definite  temperature  to  any  other,  will  be  the  same,  under  the  same 
conditions,  as  for  any  other  cubic  centimetre.  Thus,  if  the  quantity 
of  heat  necessary  to  raise  the  temperature  of  a  gramme  of  water,  or 
any  other  substance,  through  a  given  interval  of  temperatiu'e,  be 
denoted  by  q,  then  the  quantity  required  to  raise  m  grammes  through 
the  same  range  of  temperature  will  be  mq. 

We  cannot,  however,  assert  that  the  quantity  of  heat  necessary  to 
raise  the  temperature  of  a  body  1°  is  the  same  at  all  parts  of  the 
Male,  or  that  the  quantity  given  out  by  a  body  in  cooling  from  SO''  to 
40*  is  equal  to  that  given  out  by  the  same  body  in  cooling  from  25° 
to  15°.  We  have  no  reason  to  expect  a  priori  that  the  quantity  of 
heat  is  proportional  to  the  interval  of  temperature.  In  defining  the 
onit  of  heat  above  we  have  only  stated  that  it  is  the  quantity  of  heat 
necessary  to  raise  one  gramme  of  water  1°  C.  W^e  have  not  stated 
^  what  part  of  the  scale  the  degree  is  to  be  taken,  whether  it  is  the 
inten-al  from  0°  to  1°,  or  from  4°  to  5°,  or  any  other.  In  strictness 
this  ought  to  be  done,  but  in  practice  it  is  found  that  there  is  scarcely 
wy  appreciable  difference,  whatever  be  the  degree  chosen.  Experi- 
ment proves  that  very  approximately  the  same  quantity  of  heat  is 
required  to  raise  a  given  mass  of  water  1°  in  temperature  at  any  part 
<rf  the  scale  between  the  freezing  point  and  the  boiling  point  (see 
Art  174).  It  is  well,  however,  to  be  accurate,  and  to  fix  a  particular 
<l^ree,  say  from  19°*5  to  20''*5.  According  to  this  system  a  quantity  Q 
of  heat  means  the  quantity  which  will  raise  Q  grammes  of  water  from 
19''-5  to  20°*5  C,  and  not  the  quantity  which  will  raise  one  gramme  of 
Wer  Q'  C.  The  latter  happens,  however,  as  we  have  already  said, 
to  be  very  approximately  equal  to  the  former. 

Other  units  of  heat  might  be,  and  actually  have  been,  chosen 
depending  on  other  effects  of  heat  on  matter,  such,  for  example,  as 
the  change  of  state.     These  will  be  noticed  later  on. 

It  is  important  to  remark  that  we  can  now  speak  definitely  of  the 
<inantity  of  heat  required  to  raise  a  body  from  one  temperature  to 
another,  but  that  the  "  quantity  of  heat  in  a  body  "  is  still  without 
Oicaiiing.  So  far  the  quantity  of  heat  in  a  body  is  as  indefinite  as 
4e  quantity  of  sound  in  a  bell,  or  the  height  of  an  object  above  an 
'mknown  plane. 

22.  Sensible  Heat  and  Latent  Heat. — As  already  noticed,  when 
^^0  bodies  at  different  temperatures  are  placed  in  contact,  heat  is  sup- 
posed to  pass  from  the  hotter  to  the  colder,  but  either  of  two  things 
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may  happen.  £ither  the  temperature  of  the  colder  may  rise,  while 
that  of  the  warmer  falls,  or  a  change  of  state  may  occur  in  one  while 
the  temperature  of  the  other  alone  varies.  In  the  fonner  case,  that 
is,  when  the  heat  which  leaves  one  enters  the  other  and  increases  its 
temperature,  the  heat  which  enters  it  exhibits  itself  in  the  corre- 
sponding rise  of  temperature,  and  is  said  to  be  sensible  heat.  That 
is,  it  can  be  detected  by  the  thermometer.  In  the  second  case, 
however,  the  warmer  body  is  continually  losing  heat,  but  the 
temperature  of  the  colder  remains  fixed.  Its  state  merely  changes. 
The  heat  which  it  receives  does  not  exhibit  itself  by  any  rise  oi 
temi>erature,  and  cannot  be  detected  by  the  thermometer.  It  be- 
comes, as  Black  said,  latent,  and  is  consequently  termed  laient  heat. 
In  illustration  of  this  point  it  may  be  well  to  describe  here  the 
experiment  by  which  Black  ^  was  led  to  his  doctrine  of  latent  heat 
Black's  ex-  Having  exposed  a  mass  (5  oz.)  of  ice-cold  water  in  a  vessel  sus 
penmen  .  peji^e^j  j^  a  large  hall,  he  noticed  that  the  temperature  rose  very 
nearly  4'  C.  (7'^  F.)  in  half  an  hour.  He  also  exposed  an  equal  mass 
of  ice  in  the  same  room  under  the  same  conditions  and  found  that  it 
required  ten  hours  to  melt.  Now  the  ice  receives  heat  from  the 
room,  and  the  quantity  received  during  ten  hours  was  only  sufficient 
to  melt  it.  This  quantity  may  be  calculated  from  the  experiment  oi 
the  ice-cold  water,  which  received  as  much  heat  in  half  an  houi 
as  raised  its  temperature  almost  4"^  C.  Assuming  that  the  melting 
ice  received  heat  at  the  same  rate,  the  total  quantity  required  to  mel 
it  will  be  nearly  twenty  times  that  required  to  raise  an  equal  weigh 
of  water  4°  C,  or  almost  as  much  as  would  raise  eighty  times  it 
weight  of  water  one  degree  centigrade.^  This  shows  roughly  tha 
about  eighty  units  of  heat  are  required  to  convert  a  gramme  of  ic( 
into  a  gramme  of  ice-cold  water,  without  changing  the  temperature 
That  is,  eighty  units  of  heat  have  disappeared  or  become  latent  ii 
eftecting  the  change  of  state  from  solid  to  liquid.  For  this  reasoi 
eighty  is  said  to  be  the  latent  heat  of  ice,  meaning  that  eighty  unit 
of  heat  are  necessary  for  the  liquefaction  of  ice  per  gramme. 

Black  also  determined  the  latent  heat  of  ice  by  mixing  warn 
water  and  ice  in  known  quantities  and  noting  the  change  o 
temperature.  Allowing  for  the  influence  of  the  containing  vessel  h 
found  by  this  method  79*4 — a  number  remarkably  near  that  given  h] 
the  best  recent  determinations. 

'  Black,  ElcvxeiUa  of  Chemistry^  vol.  i.  p.  116.     Published  by  John  Robison 
Edinburgh,  1803. 

'■^  Black  used  a  Fahrenheit  thermometer,  a  description  of  which  will  be  fonnd  i: 
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Before  the  time  of  Black  it  was  universally  considered  that  when 
a  solid  changed  into  a  liquid,  or  a  liquid  into  a  vapour,  no  continued 
supply  of  heat  was  necessary  for  the  transformation,  and  that  all  the 
heat  supplied  exhibited  itself  in  a  corresponding  rise  of  temperature. 
In  other  words,  heat  was  always  sensible,  and  could  be  detected  by 
the  thermometer.  Black  ^  says :  *^  This  was  the  universal  opinion  on 
this  subject  so  far  as  I  know  when  I  began  to  read  my  lectures  in 
the  University  of  Glasgow,  in  the  year  1757.  .  .  .  The  opinion  I 
formed  from  attentive  observation  of  the  facts  and  phenomena  is  as 
follows.  When  ice,  for  example,  or  any  other  solid  substance,  is 
changing  into  a  fluid  by  heat,  I  am  of  opinion  that  it  receives  a  much 
greater  quantity  of  heat  than  what  is  perceptible  in  it  immediately 
after  by  the  thermometer.  A  great  quantity  of  heat  enters  into  it 
on  this  occasion  without  making  it  apparently  warmer  when  tried  by 
this  instrument.  This  heat,  however,  must  be  thrown  into  it,  in 
order  to  give  it  the  form  of  a  fluid  ;  and  I  affirm  that  this  great 
addition  of  heat  is  the  principal  and  most  immediate  cause  of  the 
fluidity  induced." 

"  And  on  the  other  hand,  when  we  deprive  such  a  body  of  its 
fluidity  again,  by  a  diminution  of  its  heat,  a  very  great  quantity  of 
beat  comes  out  of  it,  while  it  is  assuming  the  solid  form,  the  loss  of 
which  heat  is  not  to  be  perceived  by  the  common  manner  of  using 
the  thermometer." 

Sensible  and  latent  heats  are  thus  very  analogous  to  kinetic  and 
potential  energies.  When  work  is  spent  in  increasing  the  velocity 
of,  or  generating  motion  in,  any  body,  the  work  so  spent  becomes 
visible,  or  sensible,  in  the  motion  of  the  body,  and  it  is  analogous  to 
sensible  heat.  When,  on  the  other  hand,  work  is  spent  in  raising 
&  weight  from  the  surface  of  the  earth,  or  in  changing  the  distances 
between  the  parts  of  a  mutually -attracting  system,  the  work  so  spent 
w  not  visible  as  any  motion  of  the  system,  but  has  as  it  were  become 
latent,  or  potential,  as  it  is  termed.  That  some  real  relation  here 
cnats,  and  not  merely  an  analogy,  will  probably  appear  as  a  know- 
ledge of  the  facts  accumulates. 

28.  Specific  Heat  and  Thermal  Capacity. — Having  laid  down  a 
system  of  measurement  of  quantities  of  heat,  the  question  which 
inunediately  presents  itself  is  whether  equal  quantities  of  heat  raise 
^be  temperatures  of  equal  masses  of  different  substances  by  the  same 
amount,  or  if  any  relation  exists  between  the  quantities  of  heat  given 
to  equal  masses,  or  equal  volumes,  of  different  substances,  and  the 
corresponding  changes  of  temperature.     If  equal  weights  of  the  same 

*  Black,  loe.  cit. 
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may  happen.  Either  the  temperature  of  the  colder  may  rise,  while 
that  of  the  warmer  falls,  or  a  change  of  state  may  occur  in  one  while 
the  temperature  of  the  other  alone  varies.  In  the  fonner  case,  that 
is,  when  the  heat  which  leaves  one  enters  the  other  and  increases  its 
temperature,  the  heat  which  enters  it  exhibits  itself  in  the  corre- 
sponding rise  of  temperature,  and  is  said  to  be  sensible  heat.  That 
is,  it  can  be  detected  by  the  thermometer.  In  the  second  case, 
however,  the  warmer  body  is  continually  losing  heat,  but  the 
temperature  of  the  colder  remains  fixed.  Its  state  merely  changes. 
The  heat  which  it  receives  does  not  exhibit  itself  by  any  rise  of 
temperature,  and  cannot  be  detected  by  the  thermometer.  It  be- 
comes, as  Black  said,  latent,  and  is  consequently  termed  latent  heat. 
In  illustration  of  this  point  it  may  be  well  to  describe  here  the 
experiment  by  which  Black  ^  was  led  to  his  doctrine  of  latent  heat. 

Having  exposed  a  mass  (5  02.)  of  ice-cold  water  in  a  vessel  sus- 
pended in  a  large  hall,  he  noticed  that  the  temperature  rose  very 
nearly  4°  C.  (7'^  F.)  in  half  an  hour.  He  also  exposed  an  equal  mass 
of  ice  in  the  same  room  under  the  same  conditions  and  found  that  it 
required  ten  hours  to  melt.  Now  the  ice  receives  heat  from  the 
room,  and  the  quantity  received  during  ten  hours  was  only  sufficient 
to  melt  it.  This  quantity  may  be  calculated  from  the  experiment  on 
the  ice-cold  water,  which  received  as  much  heat  in  half  an  hour 
as  raised  its  temperature  almost  4""  C.  Assuming  that  the  melting 
ice  received  heat  at  the  same  rate,  the  total  quantity  required  to  melt 
it  will  be  nearly  twenty  times  that  required  to  raise  an  equal  weight 
of  water  4°  C,  or  almost  as  much  as  would  raise  eighty  times  its 
weight  of  water  one  degree  centigrade.-  This  shows  roughly  that 
about  eighty  units  of  heat  are  required  to  convert  a  gramme  of  ice 
into  a  gramme  of  ice-cold  water,  without  changing  the  temperature. 
That  is,  eighty  units  of  heat  have  disappeared  or  become  latent  in 
eifecting  the  change  of  state  from  solid  to  liquid.  For  this  reason 
eighty  is  said  to  be  the  latent  heat  of  ice,  meaning  that  eighty  units 
of  heat  are  necessary  for  the  liquefaction  of  ice  per  gramme. 

Black  also  determined  the  latent  heat  of  ice  by  mixing  warm 
water  and  ice  in  known  quantities  and  noting  the  change  of 
temperature.  Allowing  for  the  influence  of  the  containing  vessel  ha 
found  by  this  method  79*4 — a  number  remarkably  near  that  given  by 
the  best  recent  determinations. 

^  Black,  Elements  of  Chemistry ^  vol.  i.  p.  116.     Pablished  by  John  Robison, 
Edinburgh,  1803. 

^  Black  used  a  Fahrenheit  thermometer,  a  description  of  which  will  be  found  id 
Chap.  II. 
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Before  the  time  of  Black  it  was  universally  considered  that  when 
a  solid  changed  into  a  liquid,  or  a  liquid  into  a  vapour,  no  continued 
supply  of  heat  was  necessary  for  the  transformation,  and  that  all  the 
heat  supplied  exhibited  itself  in  a  corresponding  rise  of  temperature. 
In  other  words,  heat  was  always  sensible,  and  could  be  detected  by 
the  thermometer.  Black  ^  says  :  "  This  was  the  universal  opinion  on 
this  subject  so  far  as  I  know  when  I  began  to  read  my  lectures  in 
the  University  of  Glasgow,  in  the  year  1757.  .  .  .  The  opinion  I 
formed  from  attentive  observation  of  the  facts  and  phenomena  is  as 
follows.  When  ice,  for  example,  or  any  other  solid  substance,  is 
changing  into  a  fluid  by  heat,  I  am  of  opinion  that  it  receives  a  much 
greater  quantity  of  heat  than  what  is  perceptible  in  it  immediately 
after  by  the  thermometer.  A  great  quantity  of  heat  enters  into  it 
on  this  occasion  without  making  it  apparently  warmer  when  tried  by 
this  instrument.  This  heat,  however,  must  be  thrown  into  it,  in 
order  to  give  it  the  form  of  a  fluid  ;  and  I  affirm  that  this  great 
addition  of  heat  is  the  principal  and  most  immediate  cause  of  the 
fluidity  induced." 

"  And  on  the  other  hand,  when  we  deprive  such  a  body  of  its 
fluidity  again,  by  a  diminution  of  its  heat,  a  very  great  quantity  of 
heat  comes  out  of  it,  while  it  is  assiuning  the  solid  form,  the  loss  of 
which  heat  is  not  to  be  perceived  by  the  common  manner  of  using 
the  thermometer." 

Sensible  and  latent  heats  are  thus  very  analogous  to  kinetic  and 
potential  energies.  When  work  is  spent  in  increasing  the  velocity 
of,  or  generating  motion  in,  any  body,  the  work  so  spent  becomes 
visible,  or  sensible,  in  the  motion  of  the  body,  and  it  is  analogous  to 
sensible  heat.  When,  on  the  other  hand,  work  is  spent  in  raising 
a  weight  from  the  surface  of  the  earth,  or  in  changing  the  distances 
between  the  parts  of  a  mutually-attracting  system,  the  work  so  spent 
18  not  visible  as  any  motion  of  the  system,  but  has  as  it  were  become 
ttent,  or  potential,  as  it  is  termed.  That  some  real  relation  here 
exists,  and  not  merely  an  analogy,  will  probably  appear  as  a  know- 
ledge of  the  facts  accumulates. 

28.  Specific  Heat  and  Thermal  Capacity. — Having  laid  down  a 
^vstem  of  measurement  of  quantities  of  heat,  the  question  which 
immediately  presents  itself  is  whether  equal  quantities  of  heat  raise 
the  temperatures  of  equal  masses  of  different  substances  by  the  same 
amount,  or  if  any  relation  exists  between  the  quantities  of  heat  given 
^  equal  masses,  or  equal  volumes,  of  different  substances,  and  the 
corresponding  changes  of  temperature.     If  ecjual  weights  of  the  same 

'  Black,  loe,  cU. 
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substance  (water,  for  example)  at  diiferent  temperatures  be  mixed, 
the  temperature  of  the  mixture  is  the  arithmetic  mean  of  the 
temperatures  of  the  two  components  before  mixture  (or  very  approxi- 
mately so).  The  quantity  of  heat  given  out  by  the  warmer  mass  in 
falling  through  a  certain  range  of  temperature  raises  the  colder  mass 
through  an  equal^  range.  The  case  is  very  different  if  two  dissimilar 
substances  are  mixed  together.  The  change  of  temperature  of  a 
body  is  not  alone  sufficient  to  determine  the  quantity  of  heat  it  has 
gained  or  lost.  This  quantity  depends  not  only  on  the  change  of 
temperature  but  also  on  the  nature  of  the  substance,  and  for  this 
reason  different  substances  are  said  to  have  different  tliennal  capacities 
or  specific  heats.  This  is  strikingly  illustrated  in  the  case  of  mercury 
and  water.  Thus,  if  a  pound  of  mercury  at  80^  C.  be  mixed  with 
a  pound  of  water  at  20°  C,  the  temperature  of  the  mixture  will  be 
only  about  22°  C.  This  shows  that  the  heat  lost  by  the  mercury  in 
cooling  through  58°  will  raise  an  equal  weight  of  water  through  only 
2°.  In  other  words,  the  quantity  of  heat  which  will  raise  the 
temperature  of  a  given  weight  of  water  1^  will  raise  the  tempera- 
ture of  an  equal  weight  of  mercury  nearly  30°,  or  the  thermjil 
capacity  of  water  is  about  thirty  times  that  of  mercury. 

The  thermal  *capacity  of  a  body  is  defined  as  the  quantity  of  heat 
necessary  to  raise  the  temperature  of  the  body  1°  C,  and  the  thermal 
capacity  of  a  substance  is  the  quantity  of  heat  required  to  raise  unit 
weight  (one  gramme)  of  the  substance  1°  C. 

The  specific  heat  of  a  substance  is  its  thermal  capacity  compared 
with  that  of  water ;  in  other  words,  it  is  the  ratio  of  the  quantity  of 
heat  required  to  raise  the  temperature  of  a  given  weight  of  the  sub- 
stance 1°,  to  the  quantity  of  heat  which  will  raise  the  temperature  of 
an  equal  weight  of  water  1°.  WTien  the  unit  of  heat  is  that  required 
to  raise  the  temperature  of  unit  weight  of  water  1°,  the  thermal 
capacity  and  the  specific  heat  of  a  substance  are  expressed  by  the 
same  number. 

Before  the  time  of  Black  it  was  commonly  supposed  that  the 
quantities  of  heat  required  to  change  the  temperatures  of  different 
bodies  by  the  same  amount  were  directly  proportional  to  the 
quantities  of  matter  in  them,  or  that  all  substances  had  the  same 
thermal  capacity. 
Black's  "But  very  soon  (1760)  after  I  began  to  think  on  this  subject," 

)pmioii.  g^yg  Black, ^  "  1  perceived  that  this  opinion  was  a  mistake,  and  that 
the  quantities  of  heat  which  different  kinds  of  matter  must  receive, 
to  reduce  them  to   equilibrium  with  one  another,  or  to  raise  their 

^  Lectures  an  the  Ehinents  of  Chemistry y  p.  79. 
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temperatures  by  an  equal  number  of  degrees,  are  not  in  proportion 
to  the  quantity  of  matter  in  each,  but  in  proportions  widely  different 
from  this.  .  .  .  This  opinion  was  first  suggested  to  me  by  an  experi- 
ment described  by  Dr.  Boerhaave  {Elements  of  Chemistry),  After 
relating  the  experiment  which  Fahrenheit  made  at  his  desire,  by 
mixing  hot  and  cold  water,  he  also  tells  us  that  Fahrenheit  agitated 
together  quicksilver  and  water  unequally  heated.  From  the  Doctor's 
account  it  is  quite  plain  that  quicksilver,  though  it  has  more  than 
thirteen  times  the  density  of  water,  produced  less  effect  in  heating  or 
cooling  water  to  which  it  was  applied  than  an  equal  measure  of  water 
would  have  produced.  He  says  expressly  that  the  quicksilver  never 
produced  more  effect  in  heating  or  cooling  an  equal  measure  of  water 
than  would  have  been  produced  by  water  equally  hot  or  cold  with 
the  quicksilver  and  only  two-thirds  of  its  bulk." 

Black    concluded,    therefore,    that    quicksilver    has   a   much    less 

capacity    for    heat   than    water,    and  that  different  substances  have 

different  thermal  capacities.     The  inference  made  by  Dr.  Boerhaave 

from  the  same  experiment  is  very  surprising.     Seeing  that  the  heat 

obviously  was  not  distributed  among  different  bodies  at   the    same 

temperature  in  proportion  to  their  masses,  he  concluded  that  it  was 

distributed  in  proportion  to  their  volumes,  or  that  equal  volumes  of 

all  substances  have  the  same  thermal  capacity.     This  conclusion,  as 

Black  remarks,  was  contradicted  by  the  very  experiment  on  which  it 

was  founded,   yet  in  it  Boerhaave  was  followed   and  supported  by 

Muschenbroeck.^ 

The  small  capacity  for  heat  of  a  dense  body  like  mercury  was 
considered  by  Black  as  a  strong  objection  against  the  dynamical 
theory  of  heat,  for  if  heat  be  motion,  then  in  his  opinion  a  dense 
body  should  contain  much  more  of  it  than  a  rare  one  at  the  same 
temperature. 

24.  Thermometry  by  Quantities  of  Heat — A  perfectly  scientific 
though  inconvenient  system  of  thermometrj^  might  be  founded  on  the 
measurement  of  quantities  of  heat  rather  than  on  changes  of  volume. 
Thus,  if  we  lay  down  any  two  definite  temperatures,  such  as  the 
naelting  point  of  ice  and  the  boiling  point  of  water  under  a  definite 
pressure,  or  the  melting  point  of  any  other  solid,  these  temperatures 
^11  correspond  to  certain  fixed  marks  on  the  stem  of  an  instrument, 
such  as  the  mercurial  thermometer  already  described.  If  now  the 
unit  of  heat  be  taken  as  the  quantity  of  heat  necessary  to  raise  one 
gramme  of  water  from  one  of  these  temperatures  to  the  other,  then 
ft  units  of  heat  will  raise  n  grammes  of  water  through   the  same 

• 

interval  of  temperature.     It  will   be  convenient  to  take  the  lower 
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fixed  temperature  as  that  of  melting  ice,  as  ice-cold  water  is  easily 
procurable,  and  the  other  fixed  temperature  may  be  taken  as  corre- 
sponding to  any  fixed  mark  on  the  stem  of  the  mercurial  thermometer, 
say  the  division  marked  1°. 

If  now  we  wish  to  compare  the  temperatures  of  two  pieces  of  the 
same  substance  in  the  same  physical  state,  it  will  be  only  necessary  to 
find  how  many  grammes  of  water  ^  a  gramme  of  each  (or  equal  weights 
of  each)  will  raise  from  0°  to  V  (our  chosen  fixed  temperatures) — that 
is,  the  number  of  units  of  heat  each  will  give  out  per  unit  mass  in 
falling  from  their  original  temperatures  to  the  upper  fixed  tempera- 
ture. Equal  differences  of  temperature  will  thus  correspond  to  equal 
increments  of  heat,  or  the  temperatures  of  two  pieces  of  the  same 
substance  will  be  in  the  ratio  of  the  quantities  of  heat  required  to 
raise  unit  mass  of  each  from  the  lower  fixed  point  to  its  present  con- 
dition. For  temperatures  below  the  lower  fixed  point  it  will  be 
necessary  to  find  the  weight  of  water  which,  in  cooling  from  the 
upper  to  the  lower  fixed  point,  will  raise  unit  mass  of  the  substance 
from  its  present  temperature  to  that  of  the  lower  fixed  point.  This 
point  consequently  becomes  the  zero  of  our  new  scale,  and  tempera- 
tures expressed  by  this  system  will  be  so  much  above  or  below  the 
lower  fixed  point. 

So  far  we  have  only  compared  the  temperatures  by  this  system 
of  different  pieces  of  the  saim'  substance.  This  restriction  was 
necessary  because  it  is  found  that  equal  masses  of  different  sub- 
stances heated  uniformly  in  the  same  enclosure  or  batji  will  give  out 
very  'different  quantities  of  heat  in  falling  from  their  common  initial 
temperature  to  that  of  the  upper  fixed  point.  This  is  expressed  by 
saying  that  different  substances  have  different  thermal  capacities  per 
unit  mass,  or  different  specific  heats.  If,  therefore,  it  is  desired  to 
make  this  system  of  thermometry  generally  applicable,  a  small  carrier 
body,  say  a  small  metallic  disc  supported  by  a  silk  thread,  may  be 
employed,  just  as  a  proof  plane  is  employed  in  the  measurement  of 
electrical  potentials.  If  this  small  carrier  be  brought  into  contact 
with  any  body  it  will  rapidly  assume  the  temperature  of  the  body  ; 
errors  arising  from  the  finite  mass  of  the  carrier  and  initial  tempera- 
ture difference  between  it  and  the  body  being  neglected.  The 
carrier  may  now  be  removed  to  the  vessel  containing  the  ice-cold 
water  and  the  weight  of  water  which  it  raises  from  zero  to  the  upper 
fixed  point  estimated.  By  this  means  we  can  compare,  or  as  it  were 
weigh,  the  temperatures  of  different  bodies. 

In  order  that  this  system  of  thermometry  should  agree  with  that 
*  Perhaps  it  would  be  better  to  work  with  the  quantity  of  ice  melted. 
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which  measures  equal  increments  of  temperature  by  equal  increments 
of  volume,  it  is  necessary  that  equal  expansions  of  the  thermometric 
substance  should  correspond  to  equal  increments  of  heat,  or  that  the 
dilatation  should  be  proportional  to  the  quantity  of  heat  received.  Air 
and  the  permanent  gases  seem  to  be  the  only  substances  which  satisfy 
this  condition  very  closely,  but  between  0°  and  100°  C,  and  for  some 
distance  beyond  these  points,  mercury,  expanding  in  an  ordinary 
glass  envelope,  also  possesses  this  property.  In  general  the  dilatation 
of  a  body  increases  for  equal  additions  of  heat  as  the  temperature 
becomes  more  elevated.  Dulong  and  Petit  ^  executed  a  series  of  ex- 
periments on  this  point.  They  measured  the  quantities  of  heat  absorbed 
by  various  substances,  and  also  the  consequent  dilatation,  and  they 
found  that  the  expansion  was  not  simply  proportional  to  the  quantity  of 
heat,  but  that  between  the  dilatation  and  the  quantity  of  heat  absorbed 
some  complicated  relation  exists  which  depends  on  the  nature  of  the 
substance.  In  the  case  of  the  permanent  gases,  however,  Eegnault  ^  Expansic 
found  that  the  change  of  volume  under  constant  pressiwe  was  simply  ^  ^^^*' 
proportional  to  the  quantity  of  heat  received,  and  hence  the  system  of 
thermometry  here  considered  will  agree  with  that  registered  by  an  air 
thermometer. 

For  this  and  many  other  reasons  the  air  (or  rather  perfect  gas) 
thermometer  is  the  only  strictly  scientific  measurer  of  temperature, 
and  all  other  thermometers  ought  to  be  standardised  by  direct  com- 
parison with  it. 

26.  Thermometry  by  the  Sense  of  Heat. — The  sense  of  heat  is  a 
somewhat  delicate  test  of  the  equality  of  temperature  in  the  case  of 
similar  bodies,  that  is,  of  portions  of  the  same  sort  of  matter.     Thus  by 
the  hand  alone  a  very  small  difference  in  the  temperatures  of  two  water 
baths  may  be  detected,  especially  by  persons  who  have  cultivated  the 
sense  of  heat  for  this  purpose.     It  is  very  different,  however,  when  we 
touch  in  succession  objects  which  are  of  dissimilar  natures.     Let  us 
take  the  case  of  a  room  without  a  fire  on  a  cold  frosty  day.     All  the 
objects  in  such  a  room  will  be  at  the  same  temperature.     This  may 
be  tested  by  means  of  a  thermometer.     A  metal  paper  weight  will, 
however,  when  touched  feel  much  colder  than  the  paper  on  which  it 
rests,  and  the  wooden  table  will  feel  colder  than  the  woollen  table- 
doth.     In  explanation  of  this,  we  regard  the  sensation  of  coldness  as 
due  to  the  loss  of  heat  by  the  hand,  and  this  is  not  simply  dependent 
on  the  temperature  of  the  body  touched,  but  depends  rather  on  the 

'  Ann,  dt  Chimie  et  de  Phyn.^  2®,  torn.  ii.  ]>.  240,  1816. 

'  lUlatian  de$  Experiences^  torn.  i.  p.  163  ;  M^nioirea  dc  V Academic  des  Sciences, 
torn,  xxl 
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rate  of  loss  of  heat.  The  hand  loses  heat  much  more  rapidly  to  the 
metal  paper  weight  than  to  the  paper,  and  more  rapidly  to  the  wooden 
floor  than  to  the  carpet.  The  rate  at  which  one  body  communicates 
heat  to  another  at  a  lower  temperature  depends,  as  we  shall  see  later 
on,  not  only  on  the  difference  of  temperature,  but  also  on  the  nature 
of  the  materials  of  which  they  are  composed,  and  on  their  surfaces. 
The  properties  involved  are  specific  heat,  and  internal  and  external 
conductivities  for  heat. 

It  is  rather  surprising  at  first  to  find  on  touching  some  bodies, 
which  we  know  to  be  at  or  below  the  freezing  point,  that  they  actually 
feel  warm ;  a  moment's  reflection,  however,  leads  to  an  explanation. 
Our  bodies  part  with  heat  to  all  other  bodies  at  a  lower  temperature, 
and  on  a  cold  day  we  are  constantly  giving  out  heat  to  the  air.  If, 
then,  we  touch  any  body  which  draws  off*  heat  more  rapidly  than  the 
air  it  appears  cold,  but  if  it  draws  away  the  heat  less  rapidly  than 
the  air  from  the  hand  it  will  feel  warm  by  comparison.  It  is  for  a 
similar  reason  that  we  feel  much  warmer  when  clothed  than  when  naked, 
and  that  woollen  stuff's  are  employed  for  bedcovers. 

The  estimation  of  temperature  by  the  sense  of  heat  depends  upon 
so  many  variable  conditions,  the  state  of  the  observer  included,  that  it 
cannot  be  used  with  any  certainty.  In  illustration  of  this  a  well- 
known  experiment  is  often  cited.  Thus  if  one  hand  be  placed  in  a 
basin  of  hot  water,  while  the  other  is  placed  in  a  basin  of  cold  water, 
and  then  the  two  are  simultaneously  placed  in  a  basin  of  tepid  water, 
this  latter  will  appear  cold  to  the  hand  which  was  in  the  hot  water 
and  hot  to  that  which  was  placed  in  the  cold.  This  arises  from  the 
fact  that  the  tepid  water  is  colder  than  the  surface  of  the  hand  which 
was  in  the  hot  water,  and  warmer  than  that  which  was  placed  in 
the  cold  water.  The  result  is  that  one  hand  gives  up  heat  to  the 
tepid  water,  while  the  other  receives  heat;  the  former  accordingly 
becomes  chilled,  while  the  latter  is  heated.  When  cultivated,  how- 
ever, not  only  can  very  small  differences  of  temperature  be  detected 
in  similar  substances  by  the  sense  of  heat,  but  a  memory  of  certain 
definite  temperatures  can  be  ])ermanently  acquired.  This  happens  in 
the  case  of  bath  attendants  and  hospital  attendants,  and  those  engaged 
with  hot  liquids  in  various  manufactories,  such  as  dyeworks.  Such 
persons  can  tell  to  within  less  than  a  degree  centigrade  whether  a  bath 
or  a  poultice  is  at  "  blood  heat,"  or  "  fever  heat,"  or  some  other  definite 
temperature  to  which  they  are  accustomed.^ 

26.  Remarks  on  the  Definition  of  Temperature. — In  concluding 
this  section  it  may  be  well  to  call  attention  to  the  great  importance  of 
^  Sir  William  Thomson,  Math,  and  Phys,  Papers^  vol.  iii.  p.  180. 
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a  clear  definition  and  a  thorough  understanding  of  the  exact  meaning 
of  each  term  used  in  any  branch  of  science.  Without  this  progress  is 
hopeless,  and  all  reasoning  on  the  subject  becomes  a  meaningless  tangle 
of  words,  more  calculated  to  confuse  than  enlighten. 

Attention  has  already  been  directed  to  the  method  of  explaining 
the  seen  by  means  of  the  unseen,  and  the  known  by  means  of  the  un- 
known.     A  similar  and  perhaps  more  pernicious  habit  which  still 
lingers  is  the  definition  of  scientific  terms  by  means  of  other  words  to 
which  no  distinct  meaning  can  be  assigned.     As  an  example  take  the 
following  definition  :  "  The  temperature  of  a  body  is  the  energy  with 
which  the  heat  in  a  body  acts  in  the  way  of  transferring  or  communi- 
cating a  portion  of  itself  to  other  bodies.''     In  this  definition  two  new 
words,  energy  and  heat,  are  introduced,  and  the  idea  of  "  the  energy 
with  which  the  heat  in  a  body  acts,"  as  well  as  the  conception  of  the 
transference  of  heat  from  one  body  to  another.     Until  the  new  words, 
as  well  as  the  ideas  involved,  are  thoroughly  explained,  such  a  defini- 
tion can  give  no  distinct  idea  of  what  the  word  temperature  means. 
The  student  would  be  better  without  any  definition  than  with  such 
a  one.     A  mystifying  string  of  words  can  only  addle  and  discourage 
bim  at  the  outset  of  a  new  and  difiicult  subject. 

Other  and  no  less  objectionable  forms  of  definition  ordinarily  met 
with  are  "  the  power  of  a  body  to  communicate  heat  to  other  bodies," 
or,  "  the  greater  or  less  extent  to  which  it  tends  to  impart  sensible 
beat  to  other  bodies."     The  first  essays  to  explain  the  word  tempera- 
ture by  the  introduction  of  the  word  power.     Now  the  word  power 
with  reference  to  engines  has  a  perfectly  definite  meaning,  but  in 
ordinary  language  it  seems  to  enjoy  an  almost  universal  application. 
It  is  80  thoroughly  indefinite  that  it  does  not  attract  the  attention  of 
the  student,  especially  when  mixed  up  with  scientific  words,  and  he 
lAttes  on  without  seeing  that  such  a  sentence  really  has  no  meaning. 
If  we  take  **  the  power  of  a  body  "  referred  to  above  as  meaning  the 
(Quantity  of  heat  it  will  give  to  other  bodies,  we  see  at  once  that  this 
^11  depend  not  only  on  the  hotness  of  the  body,  but  on  its  mass  and 
tie  thermal  capacity  of  its  material  as  well  as  on  the  "  other  bodies." 
If  We  take  the  power  as  the  rate  of  giving  out  heat,  we  are  again  in 
^milar  difficulties,  for  the  rate  of  loss  of  heat  will  depend  upon  the 
nature  of  the  surface  as  well  as  that  of  the  material,  and  by  no  means 
on  the  hotness  alone  of  the  body.     Similar  remarks  apply  to  the 
8<?cond  definition.     It  perhaps  excels  the  first  in  indistinctness.     The 
"greater  or  less  tendency  of  a  body  "  seems  to  contain  an  idea,  but  it 
^  not  easy  to  understand  its  precise  meaning  ! 

The    last   form   of  definition   which   we  shall  consider   is   much 
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superior  to  the  others.  Here  temperature  is  laid  down  as  *Hhe 
thermal  state  of  a  body  considered  with  reference  to  its  power  of 
communicating  heat  to  other  bodies."  The  *' power  of  communicating 
heat,"  as  has  been  already  pointed  out,  either  means  nothing  or  is 
entirely  incorrect.  The  thermal  state  of  a  body,  if  it  means  anything, 
meails  the  hotness  of  a  body,  and  the  definition  implies  that  the 
temperature  is  the  hotness  considered  in  a  certain  aspect. 

Another  strange  inversion  of  ideas  is  also  generally  met  with.     It 
occurs  in  the  consideration  of  difference  of  temperatures.     Thus  it  is 
stated  that  two  bodies  are  said  to  be  at  different  temperatures  when, 
if  placed  in   contact,  heat  passes  from  one  to  the  other.     Now  it  is 
in  the  reverse  order  that  the  ideas  are  actually  obtained.     What  we 
directly  observe  is  temperature  and   change  of  temperature  (see  Art 
20).     When  the  temperature  of  a  body  changes  we  account  for  it  by 
supposing  that  heat  has  left  or  entered  it.     We  do  not  observe  the  heat 
passing  from  one  body  to  another,  and  find  that  as  a  consequence  the 
temperature  changes.     In  order  to  find  out  which  of  two  bodies  is  at 
the  higher  temperature  we  do  not  place  them  in  thermal  communica- 
tion,  and  observe  if  "  heat "  flows  from  one  to  the  other.     The  flow  of 
heat  is  an  assumed  phenomenon  arising  from  the   observed  change 
of  temperature,  and  is  asserted  merely  because  we  say  that  when  th© 
temperature  of  a  body  is  changing  it  is  gaining  or  losing  heat,  or  that> 
increase  of  temperature  is  accompanied  or  caused  by  a  gain,  and  fall 
of  temperature  by  a  loss  of  heat. 

A  theory  may  be  wrong,  but  it  certainly  ought  to  be  clear  anci 
distinct,  and  should  be  expressed   in  language  which   can  be  easily 
understood.      The  definitions  sometimes  met  with  often  escape  the 
merit  of  being  false  by  being  expressed  in  words  which  have  no 
assignable  meaning.     In  the  theory  of  heat  ambiguity  in  this  respect 
prolwibly  arises  from  the  fact  that  during  the  present  century  a  new 
theory  has  been  built  up  while  the  old  doctrine  lingered  on.     Terms 
which  were  distinct  in   the  latter  have  been   retained  with  a  very 
different  signification  in  the  former,  and  an  imperfect  apprehension 
of  their  exact  meaning  perplexes  the  student. 
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27.  Two  Theories  prevalent. — From  the  dawn  of  science  to  the 
present  century  two  rival  hypotheses  regarding  the  nature  of  heat 
were  generally  entertained,  neither  of  them,  however,  being  founded 
on  any  sufficiently  established  basis.  According  to  one,  known  as  the 
caloric  theory,  heat  was  supposed  to  be  a  subtle  elastic  fluid  which 
permeated  the  pores  of  bodies,  and  filled  the  interstices  between  the 
molecules  of  matter.  The  other  doctrine,  which  is  as  old  as  the 
ancient  Greeks,  and  contains  the  germ  of  the  modern  theory,  supposed 
lieat  to  be  due  to  a  rapid  vibration  of  the  molecules  of  a  body,  and 
consequently  attributed  heat  to  motion.  The  supporters  of  this  theory 
8eem  to  have  been  long  in  a  miserable  minority. 

28.  Lord  Bacon. — The  first  philosophic  attempt  at  the  formation 
of  a  theory  founded  on  observation  seems  to  have  been  made  by  Lord 
^acon  ^  in  a  treatise  which  he  offered  as  a  model  of  the  proper  manner 
of  prosecuting  investigations  in  Natural  Philosophy.  In  this  treatise 
he  sums  up  all  the  principal  facts  then  known  relating  to  heat,  or  to 
^^  production  of  heat,  and  after  a  cautious  and  mature  consideration 
of  these  he  endeavours  to  form  a  well-foimded  opinion  of  their  cause. 
^  deliberating  over  the  various  ways  in  which  heat  is  produced  by 
Wction  and  percussion,  the  only  conclusion  he  could  draw  from  the 
*hole  facts  was  the  very  general  one  that  "  heat  is  motion." 

The  opinion  of  Lord  Bacon  was  adopted  very  generally,  but  with 
^wo  different  modifications.  The  greater  number  of  his  followers  in 
^^gland  supposed  that  the  motion  or  tremor  which  constituted  heat 
^asin  the  small  particles  of  the  body,  while  the  majority  of  continental 
pWlosophers  supposed  that  the  vibration  was  not  that  of  the  particles 
of  the  body  itself,  but  rather  of  the  particles  of  a  subtle  and  highly 
^^stic  fluid,  penetrating  the  pores  of  bodies,  and  interposed  between 
their  particles.      This  fluid  they  imagined  to  be  diffused  through  the 

*  De  forma  Calidi. 
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whole  uiuverse,  pervading  with  ease  the  densest  bodies,  and  in  the 
opinion  of  some,  when  modified  in  certain  ways,  produced  the  pheno- 
mena of  light  and  electricity.^ 

29.  The  Calorie  Theory. — The  other  school  of  philosophers,  how- 
ever, was  in  power  till  the  beginning   of   the  nineteenth  century. 
They  held  that  heat  was  not  due  to  motion,  but  to  the  action  of  a 
highly  elastic  and   self-repellent  fluid,  which  was  all-pervading  and 
universal.     At  first  the  only  properties  postulated  were  that  it  was 
highly  elastic,  and  that  its  particles  repelled  each  other  very  strongly. 
It  was  by^is  latter  property  of  caloric,  as  the  heat  fluid  was  called 
later  on,  that  bodies  in  combustion  threw  off"  heat  and  light.     Sub- 
sequently   Dr.    Cleghorn    introduced    another    property    which    was 
strongly  favoured  by  Black,  namely,  that  the  particles  of  the  caloric, 
though  self-repellent,  were  yet  strongly  attracted  by  the  particles  of 
oi*dinary   matter,   and   that  different  kinds  of  matter  attracted  the 
caloric  with  different  degrees  of  force.     Thus,  among  any  system  of 
bodies,  an  equilibrium  would  be  established  between  the  self-repulsion 
of  the  caloric  and  the  attractive  influence  exerted  on  it  by  the  matter, 
and  caloric  would  pass  from  one  body  to  another  until  this  equilibrium 
was  established. 

The  fundamental  quality  demanded  for  the  heat  fluid  was  that  it 
was  indestructible  and  uncreatable  by  any  process.  Bodies  became 
warmer  when  caloric  was  added  to  them,  and  grew  colder  as  it  left 
them.  In  this  respect  it  possessed  the  essential  property  of  ordinary 
matter — a  property  also  attributed  to  energy,  which  replaces  it  in  th© 
dynamical  theory. 

As  to  the  possession  of  the  other  property  of  matter — namely, 
weight — a  great  diversity  of  opinion  existed.  Some  philosophers  held 
that  caloric  had  weight,  while  others  held  that  it  had  not.  Experi- 
ments on  this  point  were  diflScult  and  doubtful,  and  contradictory 
results  were  often  obtained.  At  the  close  of  the  eighteenth  century, 
however,  the  general  opinion  in  the  best  informed  circles  was  that  the 
heat  fluid  was  imponderable,  and  in  this  respect  it  differed  from 
ordinary  matter.  Count  Kumford  -  finally  settled  the  point  by  a  set 
of  delicate  and  most  instructive  experiments,  from  which  he  concluded 
that  "all  attempts  to  discover  any  eflect  of  heat  upon  the  apparent 
weights  of  bodies  will  be  fruitless." 

That  equal  weights  of  different  substances  require  different  amounts 
of  caloric  to  raise  their  temperature  through  the  same  inter\'al  was 

*  See  Slack's  Lectures  on  the  Elemcnis  of  Oumistnj,  vol.  i.  p.  33. 
-  Rumford,  **  An  Iu(|uiry  concerning  the  Weight  of  Heat,"  Phil.  Tram.,  1799: 
and  Comphir.  Works,  vol.  ii.  p.  2. 
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easily    explained    by    the    calorists    on    Cleghorn's   supposition,    that 
different   kinds   of  matter  attract  the  caloric  differently,  and  conse- 
quently it  was   reasonable  to  suppose   that  some   substances   would 
absorb  greater  quantities  of  caloric  than  others  in  rising  through  the 
same  range  of  temperature.      Other  very   plausible  explanations  of 
physical  phenomena  were  arrived  at  by  the  partisans  of  this  theory. 
Thus  the  general  expansion  of  bodies  by  heat  followed  as  a  natural 
consequence,  for,  the  caloric  being  a  self -repellent  fluid,  when   the 
quantity  in  any  body  increased  it  was  to  be  expected  that  the  self- 
repulsion  of  this  fluid  would  cause  an  increase  of  volume,     liven  when 
heating  caused  contraction,  it  was  not  difficult  to  find  analogies  in 
support  of    the  theory.      Thus  contraction  occurs   when  water  and 
alcohol   are  mixed,  and  in  alloys   of   copper  and   tin,  and  in  some 
chemical  combinations  the  volume  of  the  combination  may  be  less  than 
that  of  either  constituent. 

To  explain  his  doctrine  of  latent  heat.  Black  supposed  that  caloric 
could  not  only  exist  in  the  free  state,  that  is  as  sensible  heat,  but  also 
in  combination  with  matter,  in  which  case  it  became  latent  and  in- 
active. It  could  not  then  be  detected  by  the  thermometer.  From 
this  point  of  view  water  is  the  result  of  a  combination  of  the  substance 
of  ice  with  a  certain  proportion  of  caloric,  and  steam  is  a  combination 
of  water  with  a  further  quantity  of  caloric.  This  doctrine,  proposed 
^y  Black,  was  not  however  generally  accepted.  There  were  many 
*ho  thought  that  liquefaction  was  not  attributable  to  heat  alone. 
They  considered,  for  example,  that  water  was  a  fluid  from  an  essential 
'luality,  depending  upon  the  supposed  spherical  shape  of  its  particles, 
*nd  that  the  freezing  of  it  depended  upon  the  introduction  of  some 
♦extraneous  substance,  such  as  frigorific  particles,  etc.,  and  this  view 
^as  supported  in  the  case  of  water  by  the  increase  of  bulk  in  freezing.^ 
The  conduction  of  heat — that  is,  its  transference  from  one  body  to 
another  in  contact  with  it,  or  from  one  part  to  another  of  the  same 
^y — also  presented  no  difficulty,  for  the  caloric  was  supposed  to 
^ow  from  places  of  higher  to  places  of  lower  temperature,  as  a  liquid 
^ow%  from  places  of  higher  to  places  of  lower  level.  The  flow  of  the 
'^^loric  from  higher  to  lower  temperatures  was  a  consequence  of  the 
=^upposed  mutual  repulsion  of  its  particles. 

^  far  the  explanations  of  the  calorists  were  certainly  satisfactory, 
although  in  some  cases  they  were  cumbrous  and  difficult  of  application, 
"e  shall,  however,  see  immediately,  as  facts  accumulate,  that  cases 
^^11  come  to  hand  which  cannot  be  explained  by  the  caloric  doctrine, 
'^^  l**a8t  without  radical  changes  in  its  fundamental  postulates. 

'  This  view  was  defended  by  Prof.  Muscbeiibroeck,  rhf/s.  de  Aqua. 


SECTION  IV 

THE  DYNAMICAL  GENERATION  OF  HEAT 

80.  Heat  developed  by  Friction. — That  heat  may  be  freely  de- 
veloped by  friction  seems  to  have  been  well  known  to  all  classes  of 
men  from  the  earliest  times.  Every  schoolboy  is  well  acquainted 
with  the  fact  that  a  brass  nail  may  be  heated  to  a  painful  degree  by 
rubbing  it  on  a  wooden  seat.  Friction,  indeed,  is  the  ordinary 
resource  of  the  savage  in  lighting  his  fire.^ 

It  is  on  account  of  the  great  heat  developed  by  friction  that  such 
precautions  are  taken  to  keep  the  axles  of  railway  carriages  well 
greased,  and  even  with  the  utmost  provision  against  it  the  axles  and 
axle-boxes  of  express  trains  become  so  warm  that  a  stoppage  or  slacken- 
ing of  speed  becomes  necessary.  Outbreaks  of  fire  arising  from  the  heat 
developed  by  friction  between  the  wheel  and  axle  of  a  rapidly-driven 
carriage  have  not  infrequently  occurred.  An  analogous  development 
of  heat  is  produced  by  percussion.  A  soft  iron  rod  rapidly  hammered 
on  an  anvil  may  be  heated  by  an  experienced  hand  to  the  point  of 
incandescence,  while  a  few  strokes  will  warm  it  sufficiently  to  light  » 
match.  In  like  manner  a  bullet  is  found  to  be  considerably  heated 
after  striking  a  target.  The  flash  of  light  often  seen  when  an  iron 
shot  strikes  a  tiirget  shows  that  the  heat  developed  by  the  impact  is 
sufficient  to  raise  to  incandescence  the  scattered  dust  and  particles 
abraded  by  the  collision. 

In   like  manner  there  is  a  development  of  heat  by  friction  in 

*  Tlie  CJauclio  of  the  Pampas  presses  the  bhint  end  of  a  flexible  rod  about  1^ 
inches  long  against  his  breast,  and  the  other  end,  which  is  ]»ointed,  ho  places  in  * 
hole  drilled  in  a  piece  of  dry  wood.  Bending  the  rod  by  the  pressure  of  his  body, 
he  seizes  the  curved  part  and  turns  it  rapidly  round,  till  the  heat  developed  by  the 
friction  of  the  rod  against  the  block  of  wood  is  suHicient  to  produce  ignition.  I** 
Australia  and  Tasmania  ignition  is  produced  by  the  rapid  twirling  of  the  pointed 
stick  between  the  palms  of  the  hands,  and  among  the  Esquimaux  one  i)erson  pressed 
the  end  of  the  rod  against  the  piece  of  wood,  while  another  produces  a  mpid  rotation 
to  and  fro  by  means  of  a  thong. 
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liquids.  In  the  ordinary  process  of  churning  there  is  a  considerable 
rise  in  the  temperature  of  the  milk  before  the  operation  is  completed. 
Water,  or  any  other  liquid,  may  be  heated  in  the  same  manner,  and 
it  was  by  an  experiment  of  this  kind  that  Joule  first  determined  the 
dynamical  equivalent  of  heat,  that  is,  the  relation  between  the  quantity 
of  work  spent  in  churning  and  the  quantity  of  heat  developed  by  the 
process, 

31.  The  Fire  Syringe, — One  of  the  most  interesting  illustrations 
of  the  dynamical  generation  of  heat  is  furnished  by  the  fire  syringe. 
This  instrument  consists  of  a  stout  cylindrical  glass  tube,  accurately 
bored  and  quite  smooth  within.  An  air-tight  piston  is  fitted  into  it, 
so  that  by  forcing  the  piston  forward  the  air  in  the  tube  is  compressed. 
When  the  air  is  thus  forcibly  compressed,  heat  is  suddenly  generated, 
and  the  rise  of  temperature  thus  developed  may  be  suflScient  to  ignite 
a  piece  of  tinder  attached  to  the  inner  end  of  the  piston. 

If  a  pellet  of  cotton  wool,  moistened  with  bisulphide  of  carbon,  be 
thrown  into  the  tube  and  then  immediately  ejected,  so  that  a  mixture 
of  its  vapour  and  air  fills  the  tube,  a  flash  of  light  will  be  seen  on 
suddenly  compressing  the  contents.  The  heat  developed  by  the  com- 
pression has  been  sufficient  to  ignite  the  vapour. 

The  converse  operation — the  development  of  cold  or  destruction 
of  heat — may  be  also  illustrated  by  means  of  this  or  some  similar 
apparatus.^  Thus  if  the  gas  be  compressed,  and  after  attaining  a 
fixed  temperature  be  allowed  to  expand,  pushing  the  piston  before 
it,  so  that  work  is  done  against  the  external  pressure,  a  noticeable 
fall  in  the  temperature  of  the  gas  will  occur. 

That  the  temperature  of  a  gas  is  elevated  by  sudden  compression 
and  reduced  by  expansion  seems  to  have  been  first  noticed  by  Dr. 
Cullen  and  Dr.  Darwin.'-  This  fact  being  once  noticed  would  naturally 
lead  to  an  inquiry  as  to  the  quantity  of  heat  developed  by  a  given 
compression,  or  the  relation  between  the  amount  of  compression  and 
the  change  of  temperature  or  quantity  of  heat  developed.  Dalton  * 
was  the  first  to  estimate  this  change  of  temperature  with  some  degree 
of  accuracy,  and  from  his  experiment  he  concluded  that  when  air  is 
compressed  to  one  half  its  bulk  a  heating  of  50°  F.  occurs,  with  a 
similar  cooling  when  a  corresponding  rarefaction  takes  place. 

'  For  example,  by  allowing  air  to  escape  from  a  vessel  in  which  it  has  been 
compressed.  The  cooling  effect  when  small  may  be  registered  by  some  sensitive 
thermo-electric  apparatus.  The  cooling  produced  by  the  expansion  of  carbonic  acid 
gas  when  escaping  under  high  pressure  into  the  utniosphere,  is  so  great  that  the 
escaping  gas  becomes  not  merely  liquefied  but  actually  solidified. 

-  Joule,  Phil.  Mag.,  May  1845. 

^  Dalton,  Memoirs  of  Lit.  and  Phil.  Soc.  of  Manchester ^  vol.  v.  pt.  2,  pp.  251-525. 
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Subsequently  Dulong^  showed  that  equal  volumes  of  all  gases 
taken  at  the  same  temperature  and  pressure  evolved  (or  absorbed)  the 
same  quantity  of  heat  when  suddenly  compressed  (or  dilated)  by  the 
same  amount. 

32.  Explanation  of  the  Calorists. — That  heat  is  developed  by 
friction   and    percussion  was  well    known  to  the  supporters  of  the 
caloric  theory,  and  accounted  for  by  well-framed  hypotheses.     Thus 
any  body  in  its  normal  state  possessed  a  certain  capacity  for  heat,  and 
contained  a  certain  quantity  of  caloric  at  a  definite  temperature.     Per- 
cussion altered  the  condition  of  the  substance  and  lessened  its  capacity 
for  heat.     Some  of  the  caloric  was  squeezed  out  of  it,  and,  being  thus 
set  free,  manifested  its  presence  by  the  rise  of  temperature.     Similarly, 
in  the  hammering  of  a  nail,  the  caloric  was  simply  hammered  out  of 
the   pores  of  the  iron.     The  molecules  of  the  matter  were  driven 
closer  together,  and  the  caloric  was  ejected.     In  the  case  of  friction, 
however,  part  of  the  material  was  abraded  or  rubbed  into  powder, 
and  the  calorists  postulated  that  the  capacity  for  heat  of  the  powder 
was  smaller  than  that  of  the  solid  from  which  it  was  abraded ;  there 
was  thus  an  evolution  of  heat. 

This  reasoning  is  strictly  philosophical  if  the  assumptions  on  which 
it  is  based  be  true,  viz.  that  the  capacity  for  heat  is  less  in  the  state 
of  powder  than  in  the  solid  sUite ;  and  further,  that  heat  is  inde- 
stnictible,  or  that  the  quantity  of  heat  fluid  in  the  universe  remains 
permanently  the  same.  The  calorists  did  not,  however,  appeal  to 
experiment  to  prove  that  the  capacity  of  a  body  for  heat  was  less  in 
the  state  of  dust  than  in  the  block.  If  they  had  done  so,  they  would 
have  found  their  postulate  overthrown,  and  would  have  been  forced 
to  abandon  their  theory,  or  devise  some  other  explanation  of  the  heat 
developed  by  friction.  The  production  of  heat  by  the  friction  of 
liquids,  as  in  the  process  of  clnirning,  could  scarcely  be  explained  on 
the  same  lines.  Here  there  is  no  abrasion,  no  apparent  change  of 
state  or  powdering  of  the  material,  and  consequently  no  room  for  the 
postulate  that  its  heat  capacity  is  diminished  by  the  process  which 
generates  the  heat. 

The  peculiarity  of  the  heat  supply  obtainable  by  friction  is  that  it 
appears  to  be  inexhaustible,  so  that  the  quantity  of  heat  obtainable  by 
rubbing  together  two  bodies  which  do  not  abrade  would  be  infinite. 
This  cannot  possibly  be  explained  by  the  supposition  that  the  heat 
ca{)acity  of  the  substance  is  less  in  the  powdered  or  compressed  than 
in  the  original  state,  but  its  explanation  must  be  looked  for  in  the 
action  or  agent  which  causes  the  rubbing.     From  this  point  of  view 

^  Dulong,  Ann.  de  ChimU,  2^\  torn.  xli.  p.  156,  1828. 
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the  heat  developed  is  the  result  of  the  work  done  by  the  agent  pro- 
dacing  the  rubbing. 

33.  Ramford*s  Experiment. — The  first  experimental  investigation 
into  the  true  nature  of  heat  was  made  by  Count  Rumford  ^  in  1798. 

While  engaged  in  the  boring  of  brass  cannon  at  the  military 

arsenal  in  Munich,  he  was  struck  by  the  high  temperature  of  the 

metallic  chips  thrown  off,  and  by  the  excessive  development  of  heat 

during  the  process.     In  order  to  investigate  the  matter  thoroughly  he 

prepared  a  hollow  gun-metal  cylinder,  formed  in  the  waste  head  ^  of  a 

cannon,  and  mounted  it  so  that  it  could  be  rotated  by  horse-power  on 

a  horizontal  axis,  while  a  blunt  steel  borer  pressed  against  its  bottom. 

The  cylinder  M-as  covered  with  a  thick  coating  of  flannel  to  prevent 

lo8s  of  heat,  and  a  small  radial  hole  to  contain  a  thermometer  was 

drilled  into  the  bottom,  and  terminated  at  its  centre.     The  bulb  of 

the  thermometer  was  thus  at  the  middle  point  of  the  thick  bottom  of 

the  cylinder,^  and  the  stem  projected  from  its  side. 

At  the  beginning  of  the  experiment  the  thermometer  stood  at 
60°  F.,  and  after  half  an  hour,  when  the  cylinder  had  made  960 
revolutions,  the  temperature  was  found  to  be  130°  F.,  which  fairly 
represented  the  mean  temperature  of  the  cylinder. 

He  now  removed  the  metallic  dust  or  scaly  matter  abraded  by  the 
friction  from  the  bottom  of  the  cylinder,  and  found  it  weighed  only 
^37  grains  troy.  "Is  it  possible,"  he  exclaims,  "that  the  very  con- 
siderable quantity  of  heat  produced  in  this  experiment — (a  quantity 
which  actually  raised  the  temperature  of  above  113  lbs.  of  gun-metal 
at  least  70  degrees  of  the  Fahrenheit  thermometer,  and  which,  of 
course,  would  have  been  capable  of  melting  6|  lbs.  of  ice,  or  of  causing 
near  5  lbs.  of  ice-cold  water  to  boil) — could  have  been  fiuTiished  by 

*  Rumford,  Phil.  Trans.,  1798.  Count  Rumford's  name  was  Benjamin  Thomson. 
He  was  bom  in  1763  at  Woburn,  near  Boston,  and  was  driven  to  Euroj>e  for  his 
loyalty  daring  the  rebellion  of  the  British  colonies  in  America.  He  effected  various 
important  reforms  in  Bavaria,  and  chose  the  title  by  which  he  is  generally  known 
(and  which  was  conferred  on  him  for  his  services)  from  a  village  in  New  Hampshire, 
now  called  Concord,  where  he  was  obliged  to  leave  his  wife  and  infant  daughter. 

'  The  verlomer  kopf,  or  waste  head,  was  a  solid  mass  about  2  feet  long,  pro- 
j«ting  beyond  the  muzzle  of  the  g«in.  This  was  cut  off  before  boring.  It  was  cast 
*ith  the  gun  in  order  that  its  weight  on  the  lower  parts  might  make  them  compact. 
^Vithout  this  precaution  the  metal  in  the  neighbourhood  of  the  muzzle  would  be 
niore  or  less  porous. 

'  The  external  diameter  of  the  cylinder  was  7^  in.,  and  its  length  98  in.  The 
•liameter  of  the  internal  cavity  (which  w^as  drilled  out)  was  3*7  in.,  and  its  depth 
^**-  in.,  80  that  the  bottom  was  2*6  in.  thick.  The  borer  was  a  flat  piece  of  hardened 
steel  4  in.  long,  0*63  in.  thick,  and  nearly  as  wide  as  the  cavity,  viz.  3*5  in.  It 
*aA  kept  fixed  and  pressed  against  the  bottom  of  the  cylinder  by  means  of  a  strong 
«crew  with  a  pressure  of  10,000  lbs. 
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so  inconsiderable  a  quantity  of  metallic  dust,  and  this  merely  in  con- 
sequence of  a  change  in  its  capacity  for  heat?  .  .  .  But  without 
insisting  on  the  improbability  of  this  supposition,  we  have  only  to 
recollect  that  from  the  results  of  actual  and  decisive  experiments,  made 
for  the  express  purpose  of  ascertaining  that  fact,  the  capacity  for  heat 
of  the  metal  of  which  great  guns  are  cast  is  not  sensibly  changed  by 
being  reduced  to  the  form  of  metallic  chips  in  the  operation  of  boring 
cannon,  and  there  does  not  seem  to  be  any  reason  to  think  that  it  can 
be  much  changed,  if  it  be  changed  at  all,  in  being  reduced  to  much 
smaller  pieces  by  a  borer  that  is  less  sharp." 

This  test  was  not,  however,  conclusive  to  the  calorists.  It  was 
not  sufficient  to  prove,  as  Rumford  did  prove,  that  the  capacity  for 
heat  of  the  solid  metal  was  the  same  as  that  of  the  chips.  It  was 
still  necessary  to  prove  that  equal  masses  of  the  solid  metal  and  the 
abraded  dust  always  contain  the  same  quantity  of  heat  when  at  the 
same  temperature.  A  calorist  might  say  that  although  metal  and 
the  dust  possess  the  same  thermal  capacity  at  the  same  temperature, 
yet  the  solid  metal  contains  a  greater  quantity  of  heat  than  the  dust, 
the  difference  having  been  evolved  during  abrasion.  It  has  been 
stated  that  this  point  might  have  been  settled  by  melting  equal 
weights  of  the  two,  and  observing  the  quantity  of  heat  necessary  to 
change  equal  weights  of  the  solid  and  abraded  dust  into  fused  metal 
If  these  are  equal,  and  if  it  be  allowed  that  the  fused  mass  is  exactly 
the  same  in  all  respects  in  one  case  as  in  th«  other,  then  the  dust  and 
the  solid  metal  will  contain  equal  quantities  of  heat  per  unit  weight 
when  at  the  same  temperature.  A  similar  test  would  be  by  solution 
in  an  acid,  and  observation  of  the  heat  of  combination.  Kumford, 
however,  did  not  stake  his  opinion  on  such  experiments  as  these. 
He  adhered  firmly  to  the  one  main  point  and  feature  of  the  experi- 
ment, na^mely,  that  the  supply  of  heat  is  inexhaustible.  If  the  heat 
were  rubbed  out  of  the  material,  a  stage  would  be  reached  at  which  all 
its  heat  would  be  exhausted.  No  such  stage  was  ever  observed.  The 
supply  was  as  free  and  copious  at  the  end  of  the  experiment  as  at  the 
beginning.  All  that  was  necessary  was  the  continued  working  of  the 
machinery.  The  quantity  of  heat  obtained  depended  in  no  way  on 
the  amount  of  rubbing  or  hammering  the  brass  had  previously  received ; 
it  depended  only  on  the  work  spent  in  friction  during  the  experiment 
(see  further,  p.  43). 

Rumford  also  proceeded  to  determine  if  the  exclusion  of  the  air 
from  the  cylinder  had  any  effect.  For  this  purpose  he  closed  the  end 
of  the  cylinder  with  a  tight-fitting  collar  so  that  the  air  had  no  access 
to  the  interior  during  the  experiment,  but  he  found  no  observable 
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iifference  in  the  result  He  also  placed  the  cylinder  in  a  wooden  box 
lUed  with  water  in  such  a  manner  that  it  could  revolve  either  water- 
Light  or  open,  while  the  borer  pressed  against  its  bottom  as  before. 
At  the  beginning  of  the  experiment  the  temperature  of  the  water  was 
50''  F.  One  hour  after  the  machinery  had  been  set  in  motion  the 
temperature  of  the  water,  which  weighed  18*77  lbs.,  was  107°  F.,  or 
had  been  raised  47''  F.  In  thirty  minutes  more  the  temperature  was 
142''  F.,  and  at  the  end  of  two  hours  from  the  beginning  of  the 
experiment  the  temperature  was  178®  F.,  while  in  2  J  hours  the  water 
actually  boiled ! 

He  then  proceeded  to  calculate  the  quantity  of  heat  possessed  by 
each  part  of  the  apparatus  at  the  conclusion  of  the  experiment,  and 
found  that  the  total  was  sufficient  to  raise  26*58  lbs.  of  ice-cold  water 
to  the  boiling  point.  This,  together  with  the  duration  of  the  experi- 
ment, gave  the  rate  at  which  the  heat  was  generated  to  be  "  greater 
than  that  produced  in  the  combustion  of  nine  wax  candles,  each  three 
quarters  of  an  inch  in  diameter,  all  burning  together  with  clear  bright 
flames.'' 

.  "  One  horse,"  he  adds,  **  would  have  been  equal  to  the  work  per- 
formed, though  two  were  actually  employed.  Heat  may  thus  be 
produced  merely  by  the  strength  of  a  horse,  and  in  a  case  of  necessity 
this  might  be  used  in  cooking  victuals.  But  no  circumstance  could 
be  imagined  in  which  this  method  of  procuring  heat  would  be  ad- 
vantageous; for  more  heat  might  be  obtained  by  using  the  fodder 
necessary  for  the  support  of  the  horse  as  fuel." 

"  In  meditating  over  the  results  of  all  these  experiments,  we  are 
nat4irally  brought  to  the  great  question  which  has  so  often  been  the 
subject  of  speculation  among  philosophers,  namely — 

"What  is  Heat  ? — is  there  any  such  thing  as  an  igneous  fluid  ?  Is 
there  anything  that  can  with  propriety  be  called  caloric  ?  " 

"We  have  seen  that  a  very  considerable  quantity  of  heat  may  be 
excited  by  the  friction  of  two  metallic  surfaces,  and  given  off  in  a 
constant  stream  or  flux  in  all  directions^  without  interruption  or  inter- 
mission, and  without  any  signs  of  diminution  or  exhaustion.  ..." 

"In  reasoning  on  this  subject  we  must  not  forget  that  most 
remarkable  circumstance,  that  the  source  of  the  beat  generated  by 
friction  in  these  experiments  appeared  evidently  to  be  inexhaudible.'' 

"  It  is  hardly  necessary  to  add  that  anything  which  any  insulated 
Wy  or  system  of  bodies  can  continue  to  furnish  without  limitatpm 
cannot  possibly  be  a  mutenal  sultstaure ;  and  it  appears  to  me  to  ))e 
extremely  difficult,  if  not  quite  impossible,  to  form  any  distinct  idea  of 
anything  capable  of  being  excited  and  communicated  in  the  manner 
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the  heat  was  excited  and  communicated  in  these  experiments  except 
it  be  MOTION." 

34.  Davy's  Experiment. — The  fatal  blow  to  the  caloric  theory 
was  delivered  by  Humphry  Davy,  who  first  showed  that  two  pieces 
of  ice  may  be  melted  by  simply  rubbing  them  together.     Davy  reasoned 
that  if  ice  can  be  liquefied  by  friction,  a  substance  (water)  will  be 
produced,  which  is  allowed  by  all  parties  to  contain  a  far  greater 
amount  of  heat  than  the  ice.      Liquefaction  will  then  conclusively 
demonstrate  the  generation  of  new  heat.     He  tried  the  experiment 
and  succeeded.     He  says  :  ^  "I  procured  two  parallelepipedons  of  ice 
(the  result  of  the  experiment  is  the  same  if  wax,  tallow,  resin,  or  any 
substance  fusible  at  a  low  temperature  ])e  used)  of  the  temperature 
29°  F.,  6  inches  long,   2  wide,  and  f  of  an  inch  thick;  they  were 
fastened  by  wires  to  two  bars  of  iron.     By  a  peculiar  mechanism  their 
surfaces  were  placed  in  contact,  and  kept  in  a  continued  and  violent 
friction  for  some  minutes.     They  were  almost  entirely  converted  into 
water,  which  water  was  collected  and  its  temperature  ascertained  to 
be  35^  F.,  after  remaining  in  an  atmosphere  of  a  lower  temperature 
for  some  minutes.     The  fusion  took  place  only  at  the  plane  of  contact 
of  the  two  pieces  of  ice,  and  no  bodies  were  in  friction  but  ice.     From 
this  experiment  it  is  evident  that  ice  by  friction  is  converted  into 
water,  and  according  to  the  supposition  of  the  calorists  its  capacity  is 
diminished ;   but  it  is  a  well-known  fact  that  the  capacity  of  water 
for  heat   is  much  greater  than   that  of  ice,  and  ice  must  have  an 
absolute  quantity  .of  heat  added  to  it  before  it  can  be  converted  into 
water.      Friction  consequently  does  not   diminish    the  capacities  of 
bodies  for  heat." 

Davy  then  proceeded  to  determine  if  the  heat  which  produced  the 
liquefaction  could  have  been  derived  from  the  air  or  bodies  in  contact 
with  the  ice.  For  this  purpose  he  caused  the  experiment  to  be 
performed  by  clock-work  under  the  exhausted  receiver  of  an  air- 
pump  surrounded  with  ice  ;  but  in  this  case  also  liquefaction  was  pro- 
duced as  before.  He  consequently  concluded  that  heat  is  produced 
by  friction,  and  that  caloric,  or  the  matter  of  heat,  does  not  exist; 
that  "a  motion  or  vibration  of  the  corpuscles  of  bodies  must  be 
necessarily  generated  by  friction  and  percussion.  Therefore  we  may 
reasonably  conclude  that  this  motion  or  vibration  is  heat.  .  .  .  Heat 
then  .  .  .  may  be  defined  as  a  peculiar  motion,  probably  a  vibration 
of  the  corpuscles  of  bodies  tending  to  separate  them." 

^  Davy,  ''Essay  on  Heat  and  Light  and  Combinations  of  Light,"  (7(»/ipfcte  WorkSj 
vol.  ii.  p.  11.  This  was  liis  first  contribution  to  science,  and  was  published  in 
1799  in  the  Contributions  to  Physical  and  Medical  Knowledge^  principally  from  the 
west  of  England.     Collected  by  Thomas  Beddoes,  M.D. 
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The  minds  of  scientists  were,  however,  so  imbued  with  the  caloric 
loctrine  that  the  experiments  and  arguments  of  Davy  attracted  but 
ittle  attention.  They  were  even  treated  by  some  as  wild  and 
extravagant  speculations.  Even  Davy  himself  did  not  seem  to  be 
confident.  His  subsequent  writings  do  not  bear  the  mark  of  complete 
•onviction  which  characterises  so  unmistakably  those  of  Rumford, 
md  it  was  not  until  1812  that  he  distinctly  laid  down  ^  that — 

"  The  immediate  cause  of  the  phenomena  of  heat  is  motion,  and 
the  laws  of  its  communication  are  precisely  the  same  as  the  laws  of 
the  communication  of  motion." 

Both  Rumford  and  Davy  might,  however,  have  been  successfully  Position 
met  by  any  calorist  who  was  willing  to  abandon  some  of   the  less  ^lo^sts 
essential  parts  of  the  doctrine.     When  heat  is  generated  by  friction 
or  compression,    the  calorists  accounted  for  it  by  asserting  that  the 
capacity  of  the  material  for  heat  is  diminished,  or  that  the  heat  is 
rubbed  or  squeezed  out  of  it.     Now  let  us  suppose  that  it  is  proved 
beyond  doubt  that  this  is  not  the  case.     How  then  is  a  calorist  to 
explain  the  evolution  of  heat  in  Rumford's  experiment  ?    By  the  funda- 
mental tenets  of  his  doctrine  he  is  bound  to  consider  heat  as  inde- 
stractible  and  uncreatable ;  but  in  this  experiment  a  constant  stream 
of  heat  flows  from  the  parts  in  friction  as  long  as  the  motion  continues, 
and  no  equivalent  loss   of  heat  can  be  detected  elsewhere.       Any 
competent  reasoner  will  therefore  turn  to  the  agent  which  keeps  the 
machinery  in  motion.     The  calorist  will  be  forced  to  state  that  the 
beat  evolved  in  Rumford's  experiment  comes  from  the  horse,  and  in 
making  this  assertion  his  position  will  be  as  strong,  but  scarcely  so 
acceptable  or  rational,  as  that  of  his  opponent.     Briefly  stated,  the 
position  of  the  calorist  would  be  that  heat  is  an  imponderable  fluid 
which  cannot  be  created  or  destroyed,  and  therefore  if  heat  appears 
to  be  generated  in  any  mechanical   process  it  must  be  derived  from 
the  agents  or  sources  which  maintain  that  process.     The  opponents  of 
the  caloric  theory,  on  the  other  hand,  assert  that  heat  is  not  a  fluid, 
but  may  be  developed  by  the  expenditure  of  work  or  energy.     While 
one  party  might  say  that  the  caloric  (or  heat)  is  derived  from  the 
borse  in    Rumford's    experiment,    the    other   party    maintains    that 
energy  is  derived  from  the  horse,  and  the  heat  which  is  evolved  is  the 
equivalent  of  it.     The  fundamental  postulate  of  modern  science  concern- 
ing energy  is  that  it  cannot  be  created  or  destroyed,  and  this  is  exactly 
^he  property  demanded  for  caloric.     The  horse  in  Rumford's  experiment 
supplies  something  to  the  machinery  which  possesses  exactly  the  same 
fundamental  quality  of  permanence  according  to  both  schools. 

*  Davy,  Elements  of  Cliemical  Philosophy,  p.  94. 
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35.  The  Dynamical  Equivalent  of  Heat — Joule's  Experiments. 

— That  some  relation  existed  between  the  work  spent  in  driving  the 
apparatus  and  the  heat  developed  in  Count  Rumford's  experiment 
had  doubtless  floated  before  the  minds  of  many  philosophers  before 
either  the  correct  enunciation  or  the  exact  experimental  determination 
of  this  relation  was  made.  A  rough  estimation  indeed  of  this  relation 
may  be  obtained  from  the  experiment  actually  performed  by  Rumford.^ 
The  accurate  investigation  of  the  whole  subject  was  taken  up  by  Dr. 
Joule  of  Manchester  in  the  year  1840,  and  continued  for  a  long  period 
with  the  highest  experimental  skill  in  several  distinct  investigations. 
The  object  of  Joule's  inquiry  was  to  determine  exactly  the  quantity 
of  heat  developed  by  the  expenditure  of  a  known  amount  of  work, 
when  this  work  is  spent  solely  in  producing  heat  by  friction. 

The  method  employed  was  practically  a  modification  of  that  used 
by  Rumford  in  showing  that  heat  is  developed  when  work  is  spent  in 
friction.  The  modification  consisted  in  the  adoption  of  accurate 
methods  for  estimating  the  work  spent  and  the  heat  generated.  The 
heat  was  produced  by  friction  of  a  brass  paddle  revolving  in  water 
contained  in  a  specially  constructed  brass  vessel,  so  that  the  water  was 
heated  by  a  kind  of  revolving-churn  process,  and  the  temperature  was 
registered  by  means  of  a  delicate  mercurial  thermometer.  The  paddle 
was  driven  by  two  leaden  weights  attached  to  a  doubled  cord  passing 
over  two  pulleys,  and  the  work  spent  in  turning  it  was  estimated  from 
a  knowledge  of  the  mass  of  the  weights  and  the  height  through  which 
they  descended. 

After  all  corrections*^  were  made.  Joule  decided  that  his  mean 
result  was  772  foot-pounds  per  degree  Fahrenheit  between  the 
temperatures  55""  and  GC^  F.  That  is,  the  work  done  in  raising  a 
weight  of  one  pound  through  772  feet  in  the  latitude  of  Mancheswr 
will,  if  spent  in  friction  (between  brass  and  water),  raise  the  tem- 
perature of  one  pound  of  water  one  degree  Fahrenheit.  The  unit  of 
heat  being  the  quantity  which  will  raise  unit  mass  of  water  one  degree 
duced  Fahrenheit  on  the  mercury  thermometer,  and  the  unit  of  work  heing 
that  spent  in  elevating  unit  mass  one  foot,  the  general  relation  between 
heat  and  work  will  be  H  =  \V/772,  or  W  =  772H. 

If  the  unit  of  heat  be  that  required  to  raise  unit  mass  of  water 

^  Thus  Rumford  estimated  the  thermal  capacity  of  the  water  and  apparatus  as 
equivalent  to  tliat  of  26*58  lbs.  of  water.  Further,  one  horse  was  sufficient  to  turn 
the  machinery  and  change  the  temperature  of  this  mass  from  83**  to  212"  F.  in  t«'0 
and  a  lialf  liours,  the  rate  of  increase  of  temi)ei*ature  being  about  1*'3  per  minute. 
This  gives  847  foot-pounds  as  the  dynamical  equivalent,  a  number  which  is  only 
about  10  per  cent  in  excess  of  Joule's  estimate. 

-  Except  reduction  to  the  air  tliormometer,  see  Chap.  VIII.,  Section  I. 
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iegree  centigrade,  the  work  equivalent  will  be  the  f  of  772,  that 
90,  the  unit  of  work  being  the  same  as  before.  But  if  the  unit 
ork  be  that  spent  in  raising  unit  mass  one  metre,  the  value  of 
nechanical  equivalent  will  be  424.  This  is  expressed  by  saying 
the  mechanical  equivalent  of  heat  is  424  gramme-metres,  or  the 
c  spent  in  raising  a  weight  of  one  gramme  to  a  height  of  424 
•es  will,  if  spent  in  friction,  produce  as  much  heat  as  will 
\  the  temperature  of  one  gramme  of  water  one  degree  centigrade, 
oting  the  value  of  the  mechanical  equivalent  by  J  in  any  system 
nits,  we  shall  have  between  the  work  spent  and  the  heat  produced 
general  equation—- 

W=JH. 

!  symbol  J  represents  the  number  of  units  of  work  necessary  to  the 
eration  of  one  unit  of  heat,  when  the  work  is  all  spent  in  generat- 
heat.  It  ought  to  be  remembered  that  in  the  experiments  devised 
Rumford  and  Joule,  the  work  may  not  all  be  spent  in  generating 
1  There  may  be  electric  or  magnetic  actions  developed,  or  other 
ions  may  take  place  which  we  have  as  yet  no  means  of  detecting, 
any  such  actions  take  place,  the  values  of  J  derived  by  different 
thods  and  with  different  materials  would  not  be  expected  to  be 
lal,  and  if  they  are  found  to  be  equal  it  does  not  prove  that  such 
ions  do  not  occur,  but  only  that  the  ratio  of  the  part  of  the  work 
!nt  in  producing  heat  to  that  spent  in  these  other  actions  is  the 
ne  in  all  the  methods  employed,  or  thaj^  the  same  definite  fraction 
the  work  is  spent  in  all  the  methods  in  producing  heat. 
Joule  was  quite  clear  on  the  point  that  if  the  work  is  really  all 
int  in  producing  heat,  then  with  every  form  of  apparatus  we  must 
Uin  the  same  amount  of  heat  for  the  expenditure  of  the  same 
lount  of  work.  He  consequently  determined  the  dynamical 
uivalent  by  the  friction  of  other  liquids  than  water,  and  by  other 
ithods  than   friction.     The  results  of  three  series  of  experiments 

Vfr— 

(1)  Friction  of  water  contained  in  a  brass  vessel  with  a  brass  paddle  J  =  772 '695. 

(2)  Friction  of  mercury  contained  in  an  iron  vessel  with  iron  paddle  J  =  774 '083. 
(•i)  Friction  of  two  iron  rings  rubbing  against  each  otlier  in  mercury  J  =  774 '987. 
lu  187S  Joule  repeated  his  experiments,  and  found  the  number  773'369  for  the 

Juunieal  equivalent  in  the  latitude  of  Manchester.  This,  reduced  to  tlie  sea- 
'eland  the  latitude  of  Greenwich,  becomes  773*492,  the  unit  of  heat  being  that 
^ch  raised  the  temperature  of  1  lb.  of  water  from  60"  to  61°  F.,  the  weighing 
Ul^  made  with  brass  weights  when  the  barometer  stood  at  30  in.  When  the 
^ghing  is  made  in  vacuo  this  becomes  reduced  to  772 •r>5.  [In  1879  Joule  made  a 
'^fnl  comparison  of  his  thermometer  with  one  whicli  liad  been  standardised  by 
^wland.     The  results  were  published  as  an  appendix  to  Rowland's  jwiper  in  the 
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Proceedings  of  the  American  Academy  for  March  1880.  A  considerable  correction 
was  then  found  to  be  necesi$ary  in  the  values  obtained  by  Joule.  Again,  Joule  bad 
assumed  Regnault's  expression  for  the  specific  heat  of  water,  and  a  correction  for  the 
capacity  for  heat  of  the  calorimeter  was  also  rendered  necessary  by  the  changes  in 
the  thermometry.  Joule's  result  is  given  in  the  above-mentioned  paper  as  774'6, 
which,  when  all  corrections  arc  applied,  becomes  (for  temp.  12** 7  C.  and  latitude  of 
Baltimore)  778*5  (E.  H.  Griffiths,  PhU,  Trans.,  A,  1893,  p.  499).] 

Later  experiments  on  this  subject  have  been  carried  out  by 
Professoj  H.  A.  Rowland  and  several  others.  The  experiments  of 
Rowland  are  remarkable  for  their  range  and  consistency,  as  well  as 
for  the  skill  and  completeness  with  which  they  were  executed.  They 
were  conducted  at  tempei-atures  varying  between  39"  1  F.  and  06''8 
F.  (a  much  wider  range  than  that  employed  by  Joule),  and  gave 
results  varying  from  774*7  to  778*3  on  the  mercurial  thermometer, 
and  from  775*9  to  783*4  on  the  air  thermometer,  the  higher  results 
being  obtained  at  the  lower  temperatures  (see  further.  Chap.  VIII.). 

When  the  gas  thermometer  is  taken  as  the  standard,  and  the  unit 
of  heat  as  the  quantity  required  to  raise  the  temperature  of  unit 
mass  of  water  1°  at  a  temperature  of  20°  C.  on  the  gas  thermometer, 
the  foregoing  results  may  be  replaced  by  the  numbers — 

.1  -     427  f)  (gramme-metres  degree  C.) 

-     779     (foot-pounds  degree  F.) 

—  1 102     (foot-pounds  degree  C.) 

36.  Transformation  of  Heat  into  Work. — We  have  seen  how 
Rumford,  Davy,  and  Joule  proved  that  the  work  done  by  animals  or 
falling  weights  may  be  converted  into  heat,  and  we  shall  now  consider 
the  converse  operation — the  transformation  of  heat  into  work,  or  the 
derivation  of  mechanical  effect  from  thermal  agencies. 

This  process  is  exhibited  in  the  steam-engine  and  all  other  heat 
engines.  Thus  in  the  steam-engine  fuel  is  consumed  and  heat 
generated  in  the  furnace,  and  at  the  expense  of  this  heat  the  engine 
is  set  in  motion,  and  work  is  performed.  The  kinetic  energy  of  the 
particles  of  a  hot  body,  which,  according  to  the  dynamical  theory, 
constitutes  its  heat,  is  thus  transformed  into  the  visible  motion  of  the 
parts  of  the  engine,  and  this  in  turn  is  transformed  partly  iii^ 
external  work,  or  mechanical  effect,  such  as  the  raising  of  weights,  or 
communicating  motion  to  or  altering  the  configuration  or  state  of 
other  bodies,  or  systems  of  bodies,  and  it  is  partly  frittered  down 
again  into  heat  developed  by  the  friction  of  the  parts  of  the  engine 
itself,  or  of  other  bodies  which  it  may  set  in  motion. 

Thus  in  a  locomotive  the  heat  drawn  from  the  furnace  passes  first 
into  heat  motion  or  energy  of  the  particles  of  water  and  steam ;  this 
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irn  passes  into  the  motion  of  the  machinery.  All  the  visible 
on  of  the  engine  and  its  parts  is  thus  derived  from  the  invisible 
ons  of  the  molecules  of  the  water  vapour,  which  in  turn  comes 
I  the  furnace,  and  this  invisible  motion  or  agitation  of  the  mole- 
i  of  a  body  we  regard  as  the  source  of  its  sensible  heat,  and  the 
3nnance  of  work  by  a  heat  engine  we  regard  merely  as  a  trans- 
lation of  the  kinetic  energy  of  the  particles  of  the  hot  body,  or 
ce  of  heat,  into  the  visible  energy  of  motion  of  large  masses,  or 
that  energy  of  position  which  we  call  potential  energy.  When 
lin  is  propelled  by  steam-power,  part  of  the  energy  derived  from 
furnace  is  converted  into  energy  of  motion  of  parts  of  the 
kratus,  and  part  of  this  energy  of  motion  will,  if  the  train  is 
nding  an  incline,  be  converted  into  energy  of  position  or  potential 
gy,  and  part  will  be  re-converted  into  heat  developed  by  friction 
lie  rails,  air,  and  parts  of  the  train.  If  the  train  moves  uniformly, 
moving  parts  are  giving  out  as  much  energy  as  they  receive  from 
furnace  ;  if  its  speed  is  being  accelerated  they  are  receiving  more 
rgy  than  they  give  out ;  and  if  its  speed  is  diminishing,  they  are 
!i^^ng  less.  The  potential  energy  might  be  recovered  again  as 
ion  (in  part  at  least)  by  allowing  the  train  to  fall  to  its  original 
5I.  The  engine  thus  acts  the  part  of  a  still,  in  converting  energy 
ch  first  exists  as  heat  motion  in  the  furnace  into  visible  motion  of 
machine,  and  this  again  into  heat  motion  developed  by  friction, 
all  heat  engines,  however,  by  far  the  greater  part  of  the  heat 
rgy  is  given  out  as  such,  without  being  converted  into  mechanical 
irgy  at  all. 

If  the  engine  be  employed  in  merely  producing  motion  in  itself  or 
ier  bodies  without  altering  their  relative  positions  or  state,  and  if 
ise  motions  finally  subside  through  friction,  as  in  the  case  of  a 
in  coming  to  rest  at  the  same  level  as  that  from  which  it  started, 
!n  on  the  whole  there  will  be  no  external  work  done,  there  will  be 
mechanical  advantage  gained,  and  all  the  heat  derived  from  the 
nace  will  be  frittered  down,  and  reappear  again  as  heat  developed 
tbe  friction  which  brings  the  mass  to  rest.  If,  however,  work 
8  been  done  by  the  engine  in  raising  its  mass,  or  any  other  masses, 
a  higher  level,  an  equivalent  of  the  heat  drawn  from  the  furnace 
D  disappear ;  this  will  have  been  used  up  in  doing  work,  viz.  the 
>rk  necessary  to  raise  the  masses  to  the  higher  level ;  the  remainder 
the  heat  drawn  from  the  furnace  will  reappear  as  heat  developed 
friction,  so  that  the  heat  thus  developed  is  not  now  the  complete 
oivalent  of  that  drawn  from  the  furnace,  but  is  less  by  an  amount 
J  where  W  is  the  work  done  in  raising  the  masses. 


»riment8. 
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The  direct  verification  that  heat  disappears  when  work  is  done  by 
a  steam-engine  was  first  experimentally  demonstrated  by  Him  in 
1857,  but  as  early  as  1839  an  essay  was  made  by  S^guin  in  the 
same  direction, 
irn's  ex-  Hirn  actually  measured  in  an  ordinary  working  steam-engine  the 

quantity  of  heat  which  was  carried  from  the  boiler  in  a  given  time, 
and  also  the  quantity  which  reached  the  condenser  during  the  same 
interval.  He  also  calculated  the  quantity  lost  by  radiation  and  con- 
duction over  all  parts  of  the  machine,  and  found  that  when  the  engine 
was  at  work,  turning  other  machinery,  the  difference  between  the 
quantity  of  heat  which  left  the  boiler  and  that  which  entered  the 
condenser  was  much  greater  than  when  the  engine  performed  no 
external  work,  and  the  steam  merely  passed  through  the  engine  from 
the  boiler  to  the  condenser. 

Hirn  also  pushed  the  experimental  inquiry  further,  and  actually 
deduced  a  fair  estimate  of  the  dynamical  equivalent  of  heat  from  his 
observations  of  the  work  done  by  the  engine,  and  the  quantity  of  heat 
used  up  in  performing  it.  The  work  W  performed  in  any  time  can 
be  deduced  from  the  area  of  the  Watt's  indicator  diagram  (see  Art- 
68),  and  the  number  of  strokes  of  the  piston.  To  determine  the 
quantity  of  heat  converted  into  work,  the  weight  of  water  that  passes 
from  the  boiler  to  the  condenser  must  !)e  estimated.  Knowing  the 
latent  heat  of  vaporisation  at  the  temperature  of  the  boiler  (see  p.  387), 
the  quantity  of  heat  Q  drawn  from  the  boiler  in  any  time  becomes 
known.  But  this  quantity  is  not  all  converted  into  work.  Part  of 
it  q  is  carried  into  the  condenser,  and  a  part  R  is  lost  by  radiation 
in  the  transit.  Hence  the  quantity  of  heat  converted  into  work  is 
Q  -  (/  -  K,  and  the  value  of  J  is  found  from  the  equation 

By  this  means  Hirn  obtained  the  numbers  4:13  and  420*4  (gramme- 
metres),  which,  considering  the  difficulty  of  the  investigation,  must  b® 
regarded  as  exceedingly  good  approximations. 

37.  The  Two  Laws  of  Thermodynamics — Meaning  of  the  Term 
Law  in  Physical  Science. — It  has  l^een  shown  that  heat  may  he 
generated  by  the  expenditure  of  work,  and  conversely  that  work  may 
be  performed  by  the  expenditure  of  an  equivalent  quantity  of  heat 
A  certain  eciuivalence  has  been  shown,  by  the  experiments  of  Joule,  to 
exist  between  the  work  done  and  the  heat  generated  (or  spent)  in  such 
cases,  and  this  etiuiviilcrice  is  known  as  the  first  law  of  thermodynamics- 
This  law  is  algebraically  stated  in  the  equation 

W=.IH, 
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rhich  means  that  when  work  is  spent  in  generating  heat,  or  heat 
pent  in  performing  work,  then  J  units  of  work  are  etjuivalent  to  one 
;nit  of  heat. 

In  the  general  case  a  quantity  of  work  W  is  spent  in  driving  a 
Qachine,  and  a  smaller  quantity   of  work  w  is   performed  by  the 
oAchine — for  example,  in  raising  weights  or  moving  certain  masses. 
The  balance  W  -w\%  spent,  partly  at    least,   and  perhaps   wholly, 
in  overcoming  the  friction  of  the  parts  of  the  machinery,  and  an 
equivalent  quantity  of  heat  is  developed.     It  must  not,  however,  be 
assumed  that  the  heat  thus  developed  is  the  complete  equivalent  of 
the  difference   W  -  w.     Other  processes  besides  the  development  of 
beat  may   be  in   operation.     Electrical  phenomena   may  occur,   and 
generally  do  occur,  when  dissimilar  substances  rub  together.     Magnetic 
and  electro-magnetic  actions  may  also  take  place,  and  energy  may  be 
radiated  into  space  or  dissipated,  during  the  motion  or  collision  of 
masses,  in  modes  which  we  are  as  yet  unable  to  detect.     The  expendi- 
ture of  the  work  in  Joule's  experiment  may  not  be  quite  so  simple  as 
it  appears  at  first  sight,  and  until  it  is  proved  that  in  all  such  cases 
the  work  is  wholly  spent  in  producing  heat,  it  is  not  clear  that  the 
value  of  J,  determined  by  the  friction  of  one  pair  of  substances,  should 
he  the  same  as  that  determined  in  the  same  manner  by  another  pair. 
That  other  actions  do  take  place  can  scarcely  be  doubted,  and  perhaps 
it  is  to  these  that  the  differences  in  the  determinations  of  J  by  dif- 
ferent methods  are  to  be  partly  attributed.     The  corrected  equation 

^ould  in  this  case  be 

W=JH  +  ir, 

^here  w  represents  the  quantity  of  work  spent  in  developing  other 
phenomena  hitherto  unnoticed. 

The  second  law  of  thermodynamics  was  introduced  by  Clausius  Second 
^nd  Thomson,  and  these  two  laws  form  the  basis  of  the  modern  *^* 
^ence  of  thermodynamics.  This  law,  as  stated  by  Clausius,  asserts 
^nat  heat  cannot  be  conveyed  from  one  body  to  another  at  a  higher 
temperature  without  the  expenditure  of  work,  or  some  equivalent  pro- 
^3.  Thus  of  a  system  of  bodies  at  different  temperatures  any  pair 
^y  be  converted  into  a  heat  engine,  that  at  the  higher  temperature 
*tting  as  the  source,  or  furnace,  and  the  other  playing  the  part  of  tlie 
^ndenser.  When  such  an  engine  performs  work  the  heat  used  up  is 
iiMrays  that  of  the  source  or  body  of  highest  temperature.  A  certain 
quantity  of  heat  is  dniwn  from  the  source,  and  part  of  this  is  converted 
'nto  work,  while  the  remainder  passes  into  the  condenser  or  body  of 
"^^er  temperature.  If  the  process  were  reversed  work  would  be  spent 
^  driving  the  engine,  while  a  cert^iin  (juantity  of  heat  would  be  drawn 
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from  the  condenser  and  a  certain  quantity  would  be  restored  to  the 
source.     Thus  in  the  direct  process  heat  is  drawn  from  the  warmer 
and  given  in  part  to  the  colder  of  two  bodies,  while  external  work  is 
performed  by  the  engine.     In  this  process  the  tendency  is  to  equiUbrate 
the  temperatures  of  the  two  bodies.     In  the  reverse  process,  however, 
work  is  spent  in  driving  the  engine,  while  heat  is  drawn  from  the  colder 
and  given  to  the  warmer  of  the  two  bodies,  and  the  tendency  is  tx) 
exaggerate  their  difference  of  temperature.     It  is  from  this  point  of 
view  that  Thomson  regarded  the  matter,  and  proposed  the  principle 
that  the  method  by  which  work  is  obtained  from  heat  is  by  allowing 
it  to  pass  from  bodies  of  higher  to  bodies  of  lower  temperature,  or  that 
work  may  be  done  by  using  up  the  heat  of  the  warmer  of  two  bodies 
but  not  by  using  the  heat  of  the  colder.     In  Thomson's  statement  the 
direct  process  of  obtaining  mechanical  effect  by  thermal  agencies  is 
kept  in  view,  and  the  impossibility  of  obtaining  work  by  using  up  the 
heat  of  the  coldest  of  a  system  of  bodies  is  insisted  on.     In  order  that 
heat  may  be  drawn  from  the  coldest  body  the  engine  must  be  reversed, 
and  work  must  be  spent  in  effecting  the  process.     This  is  the  state- 
ment of  Clausius,  and  the  two  are  therefore  equivalent. 

An  apparent  violation  of  the  second  law  of  thermodynamics,  possible 
but  for  our  inability  to  deal  with  individual  molecules,  has  been  ingeni" 
ously  pointed  out  by  Maxwell.  The  fuller  consideration  of  this  slTio^ 
other  matters,  together  with  the  applications  of  the  law,  will  be  taken 
up  again  in  the  sequel  (Chap.  VIII.).  At  present  it  will  only  be 
necessary  to  call  attention  to  the  meaning  of  the  word  law  in  physic^* 

A  law  is  nothing  more  than  a  general  conception  which  embraces 
a  series  of  similarly-recurring  natural  phenomena.  Thus  the  laws  ^^ 
reflection  and  refraction  of  light  state  general  relations  between  tb® 
directions  of  two  rays  which  under  certain  conditions  are  always  foa*^^ 
to  hold.  We  have  again  the  law  of  universal  gravitation,  and  the  1^^ 
of  the  conservation  of  energy,  and  in  chemistry  the  law  of  the  co^' 
servation  of  matter.  These  laws  may  not  be  absolutely  true,  but  tt^^y 
are  stated  as  laws  because,  so  far  as  our  experience  goes,  they  h^^^ 
not  yet  been  found  to  be  false,  i.e.  to  lead  to  contradictory  resul'^' 
Such  laws  are  not  mere  logical  conceptions,  but  are  evolved  from  tJ^^ 
consideration  of  long  series  of  observations,  and  are  tested  by  repeat-^ 
experiment  under  ever-varying  circumstances.  In  proportion  only  ^ 
they  are  foimd  to  bear  such  tests  does  our  confidence  in  their  triis^' 
worthiness  increase.  They  are  for  the  most  part  working  hypothes^^ 
of  the  greatest  utility  in  systematising  our  knowledge  and  cataloguing 
facts.  To  find  the  true  law  of  any  class  of  phenomena  requires  a  com' 
plete  knowledge  of  the  processes  by  which  they  are  brought  about  '? 
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i  before  we  can  say  that  our  knowledge  of  any  one  law  of  nature  is 
nplete  we  must  have  ascertained  that  it  holds  good  without  excep- 
n.  Only  so  far  as  it  has  been  tested  can  it  be  trusted,  and  when 
I  say  that  any  law  is  established  by  a  series  of  experiments  the 
%ge  of  the  series  must  be  stated,  and  it  is  only  asserted  that  within 
is  range  the  law  is  in  accordance  with  the  facts. 


SECTION.  V 

THE   WAVK  THEORY   OF   RADIANT   HEAT 

38.  Antiquity  of  the  Dynamical  Theory. — Having  learned  that 
heat  may  be  generated  by  the  expenditure  of  work,  and  vice  tersd^  we 
shall  now  consider  the  theory  which  has  been  founded  on  these  facts. 

The  first  notions  of  the  dynamical  theory  of  heat  date  from  such  a 
remote  epoch  that  their  origin  cannot  be  attributed  with  precision  tc 
any  single  person  or  period.  Thus  some  of  the  Greek  philosophers 
from  mere  observation  of  the  destructive  effects  of  heat,  considered  il 
as  a  movement  of  the  ultimate  particles  of  matter.  So  also  at  th« 
time  of  the  scientific  renaissance  inaugurated  by  Bacon,  and  continuec 
by  Descartes,  we  find  the  claims  of  the  dynamical  theory  freely  advo 
cated.  These  statements  of  the  doctrine,  however,  can  only  b< 
regarded  iis  more  or  less  acute  speculations,  as  no  sure  basis  for  th< 
theory  was  laid  till  Kumford  and  Davy  executed  their  experiments 
nor  indeed  was  the  theory  generally  accepted  until  a  considerably  latei 
period.  The  calorist,  in  fact,  had  not  become  extinct  in  the  middle  o 
the  nineteenth  century  I  While  the  majority  of  scientists  were  con 
vinced  that  light  was  due  to  wave  motion  in  the  ether,  they  stil 
adhered  with  the  greatest  pertinacity  to  their  heat  fluid  or  caloric 

39.  The  Ether. — Although  we  are  forced  to  regard  space  itself  a 
unlimited,  yet  there  is  no  mental  necessity  compelling  us  to  regard  i 
either  as  filled  throughout,  or  in  part,  with  a  medium,  or  as  eutirel 
empty.  When,  however,  we  endeavour  to  explain  the  phenomena  < 
heat  and  light  we  are  forced  to  the  conclusion  that  all  space,  at  leai 
as  far  as  the  farthest  visible  star,  is  filled  with  a  fundamental  mediuE 
which  we  may  call  the  ether.  This  hypothesis  is  forced  upon  us  by  tl 
fact  that  heat  and  light  travel  through  space  with  a  definite  velocit; 
and  we  find  it  impossible  to  conceive  of  more  than  two  methods  I 
which  an  influence,  travelling  in  time,  may  be  propagated  from  oi 
body  to  another  situated  at  a  distance. 

Take,  for  example,  the  case  of  two  ships  at  sea     One  of  these  mj 
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urb  the  other  in  either  of  two  ways — either  by  firing  bullets  against  Two 
►r  by  Bxciting  waves  in  the  water  (medium  between  them)  which,  "f^xpiana- 
3rging  from  the  centre  of  disturbance,  break  upon  the  other  ship  tion. 
disturb  it.  In  the  first  case  one  emits  a  substance  which  impinges 
inst  the  other,  and  in  the  second  it  is  the  source  of  a  disturbance 
ich  travels  through  a  medium  existing  between  the  two.  The 
ner  method  is  the  basis  of  the  emission  theories  of  heat  and  light, 
I  on  the  latter  is  founded  the  wave  theory.  According  to  the 
ission  theory,  a  hot  or  luminous  body  emits  a  fluid  or  a  shower  of 
)  particles,  travelling  through  space  with  the  velocity  of  light 
•0,000,000  metres  per  second).  This  theory  has  been  altogether 
^doned,  and  the  supposition'  that  the  light  and  heat  which  we 
eive  from  the  sun  are  due  to  wave  motion  in  a  medium  filling  all 
we  has  been  universally  adopted.  The  medium  is  of  course  hypo- 
itical,  in  so  far  as  what  we  term  the  direct  evidence  of  our  senses  is 
icemed.  It  is  not  visible  or  tangible ;  yet  its  existence  is  advocated 
the  phenomena  of  electricity  and  magnetism,  and,  in  fact,  by  all 
J  operations  of  nature.  When  we  speak  of  the  direct  evidence  of 
r  senses,  how  do  we  circumscribe  the  term?  what  exactly  do  we 
»n?  what  fixed  line  of  demarcation  have  we  to  tell  us  where  this 
idence  begins  and  where  it  ceases  ? 

The  notion  of  such  a  medium  is  neither  new  nor  fanciful,  nor  is  it 

be  regarded  as  a  vague  speculation  on  the  part  of  scientists.     The 

pothesis  has  been  admitted  on  accumulated  evidence,  and  in  con- 

luence  of  the  demand  for  a  rational  and  consistent  explanation  of 

the  phenomena  of  nature.     It  is  certainly  as  easy  to  conceive  of 

ice  as  filled  with  a  medium,  capable  of  carrying  energy  from  one 

gion  to  another,  as  to  believe  that  the  interstellar  spaces  are  entirely 

ipty;  and  if  the  question  be  impartially  considered  it  will  perhaps 

conceded  that  we  have  really  as  much  reason  for  believing  in  the 

istence  of  a  universal  ether  as  in  that  of  anything  else.^ 

It  is  to  be  remembered,  however,  that  we  do  not  postulate  density,  PostulatcB. 

compressibility,  or  molecular  structure,  or  necessarily  any  property 

matter,  for  this  ether,  except  that  it  can  contain  and  propagate 

«rgy.     It  is  merely  assumed  as  a  fundamental  medium,  by  means 

which  the  properties  of  all  substances,  and  all  the  phenomena  of 

^ture,  are  to  be  explained.     It  is  certainly  unscientific  to  postulate 

asticity  and  density,  or  any  structure,  for  this  medium,  if  by  means 

it  we  are  to  account  for  the  elasticity,  density,  and  structure  of 

'  The  ancients  certainly  appear  to  have  had  no  difficulty  in  admitting  the  simul- 
neoQs  existence  of  several  ethers  and  imponderable  fluids,  and  at  the  present  time 
*nst  majority  of  people  think  of  electricity  as  a  fluid,  or  two  fluids  ! 
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matter.  Such  a  procedure  does  not  even  push  the  inquiry  one  stage 
farther  back. 

40.  Heat  and  Light  Reducible  to  the  same  Agency. — ^The  idea 
ttiat  heat  is  ultimately  due  to  a  motion  of  some  sort  has  been  long 
entertained.  By  friction  and  collision  the  sensible  motion  of  bodies 
disappears  and  heat  is  generated.  The  supposition  has  been  that  the 
motion  in  such  cases  is  not  really  lost,  but  is  merely  transferred  from 
the  body  as  a  whole  to  its  individual  particles.  Thus  when  a  moving 
body  is  brought  to  rest  by  friction,  or  collision,  the  energy  of  the 
original  visible  motion  of  the  body  is  not  annihilated,  but  passes  over 
into  the  invisible  atoms  of  the  substances  taking  part  in  the  friction  or 
collision. 

Now  we  have  evidence  in  favour  of  the  supposition  that  light  is  due 
to  wave  motion  in  the  ether,  and  we  have  exactly  the  same  evidence 
in  favour  of  the  same  supposition  with  regard  to  radiant  heat.  Radiant 
heat  (for  example  the  heat  emitted  by  hot<water  pipes  or  a  blackened 
stove)  and  light  behave  in  exactly  the  same  way  in  a  variety  of 
experiments — ^in  fact  the  only  difference  that  can  be  detected  is  that 
light,  as  well  as  possessing  all  the  characteristic  qualities  of  the  radiant 
heat,  is  also  able  to  affect  the  sense  of  sight. 

Radiant  heat  then,  like  light,  is  supposed  to  be  due  to  wave  motion 

in  the  ether. ^     We  say  that  the  molecules  of  a  hot  body  are  in  a  state 

of  very  rapid  vibration,  or  are  the  centres  of  rapid  periodic  disturbances 

'  Among  the  contemporaries  of  Rumford  and  Davy,  Dr.  Thomas  Young  seems  to 
]iave  been  the  only  man  who  comprehended  the  full  bearing  of  their  experimenU. 
He  called  in  question  the  principle  assumed  by  the  calorists,  that  the  heat  absorbed 
in  any  process  is  precisely  the  same  as  that  evolved  when  the  body  passes  back  again 
to  its  initial  condition,  and  points  out  that  this  assumption  had  not  been  proved  in 
a  single  case  ("Lecture  on  the  Nature  of  Heat").      That  Young  had  thoroughly 
grasped  the  idea  of  the  wave  theory  is  proved  by  the  following  passage : — "If  heat 
be  not  a  substance  it  must  be  a  quality,  and  this  quality  can  only  1)e  motion.    It 
was   Newton's   opinion  that   heat  consists  in   a   minute  vibratory  motion  of  the 
]»articles  of  bodies,  and  that  this  motion  is  communicated  through  an  apparent 
vacuum  by  the  undulations  of  an  clastic  medium,  which  is  also  concerned  in  the 
phenomena  of  light.     If  the  arguments  which  have  been  lately  advanced  in  favoar 
of  the  undulatory  nature  of  light  be  deemed  valid,   there  will  be  still  stronger 
reasons  for  admitting  this  doctrine  respecting  heat,  and  it  will  only  be  necessary 
to  suppose  the  vibrations  and  undulations  principally  constituting  it  to  be  largef 
and  stronger  than  those  of  light,  while  at  the  same  time  the  smaller  vibrations  o» 
light,  and  even  the  blackening  rays,  derived  from  still  more  minute  vibrations* 
may  perhaps,  when  sufficiently  condensed,  concur  in  producing  the  effects  of  heat- 
These  effects,  beginning  from  the  blackening  rays,  which  are  invisible,  are  a  little 
more  perceptible  in  the  violet,  which  still  ]>ossess  but  a  faint  illuminating  power  9 
the  yellow-green  aiford  the  most  light ;  the  red  give  less  light,  but  much  more  heat  ? 
while  the  still  larger  and  less  frequent  vibrations,  which  have  no  effect  on  the  seos^ 
of  sight,  may  be  supposed  to  give  rise  to  the  least  refrangible  rays,  and  to  constitnt* 
invisible  heat." 
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f  some  sort,  that  they  thus  excite  waves  in  the  ambient  ether,  that 
hese  waves  travel  through  the  ether  between  us  and  the  body  with 
he  velocity  of  light,  and  that  when  they  fall  upon  us  they  are  more 
r  less  absorbed  by,  and  cause  corresponding  motions  in,  the  molecules 
f  our  bodies,  and  thus  arises  the  feeling  of  hotness.  The  sense  of 
eat  in  us  is  thus  excited  by  the  ethereal  waves  diverging  from  the 
ot  body,  just  as  the  eye  is  excited  by  the  waves  diverging  from  a 
iminous  body,  or  as  the  ear,  in  an  analogous  manner,  is  affected  by 
be  aerial  waves  originated  by  a  sounding  body. 

The  question  now  arises.  Are  there  two  distinct  sets  of  waves  in 
be  ether  ?  Are  there  heat  waves  and  light  waves,  or  are  these  waves 
f  the  same  nature  and  type  ?  That  a  light  wave  also  possesses  heating 
ower  at  once  leads  us  to  suspect  that  there  is  no  essential  difference 
1  character  between  the  wave  motion  which  affects  our  sense  of  heat 
nd  that  which  affects  our  sense  of  vision.  To  explain  how  this  may 
16  we  revert  to  the  more  easily  comprehended  case  of  sound. 

If  a  sounding  bell  vibrates  one  hundred  times  per  second  it 
generates  waves  in  the  air  which  are  about  1 1  feet  in  length,  and  if 
t  vibrates  eleven  hundred  times  per  second  the  corresponding  waves 
ire  about  1  foot  long,  while  fifty  vibrations  per  second  will  give  rise  to 
WKves  about  7  yards  in  length,  and  so  on.  The  impression  upon  the 
s&r  depends  on  the  number  of  waves  which  fall  upon  it  per  second 
—that  is,  upon  the  rate  of  vibration  of  the  sounding  body,  and  as  a  Effect  of 
consequence  we  derive  the  idea  of  pitch.  That  is,  we  say  a  note  is  *''^«q"«J>cy. 
hi^  or  low  according  as  the  number  of  vibrations  per  second  is 
comparatively  large  or  small.  Further,  the  range  of  the  ear  is 
limited,  and  the  rate  of  vibration  may  be  so  high  that  the  ear  fails 
U)  respond  to  the  demand  upon  it,  and  the  rate  of  vibration  may,  on 
the  other  hand,  be  so  low  as  to  cause  no  distinct  impression.  In 
other  words,  the  aerial  waves  may  be  too  short  or  too  long  to  cause 
the  impression  of  sound. ^  There  are  certain  limits  of  length  between 
which  the  waves  must  lie — from  about  12  or  1 3  yards  to  about  J  of 
*n  inch.  These  limits  are  determined  by  the  construction  and  con- 
stitution of  the  ear,  and  vary  slightly  from  individual  to  individual. 
The  very  long  waves  and  the  very  short  waves  which  do  not  affect 
the  ear  are,  however,  waves  of  exactly  the  same  character  as  those 
which  cause   the  impression  of  sound,  the  only  difference  is  one  of 

'  The  rapidity  of  vibration  or  frequency  is  the  main  point  to  be  kept  in  view 
^ker  than  the  length  of  the  wave,  and  in  what  follows,  a  short  wave  is  to  be  taken 
u  meaning  one  of  high  rate  of  vibration,  while  a  long  wave  is  one  of  low  rate.  For 
tbe  same  rate  of  vibration  the  actual  length  of  the  wave  will  depend  upon  the 
^ivn  of  the  inedium. 
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rapidity.  The  fault  lies  with  the  ear  and  not  with  the  waves.  We 
do  not  say  that  there  are  two  distinct  classes  of  aerial  waves,  those 
which  give  rise  to  sound  and  those  which  do  not.  We  prefer  to  look 
upon  all  the  waves  as  of  the  same  class — that  is,  the  physical  process 
in  action  during  the  propagation  of  all  is  the  same.  The  difference  is 
merely  one  of  rapidity,  and,  as  the  range  of  the  ear  is  limited,  it 
cannot  meet  the  demands  upon  it  in  both  directions  to  an  unlimited 
extent. 

In  the  same  manner  every  body  in  space  is  regarded  as  a  souixie 
of  incessant  ethereal  commotion.  Every  molecule  of  matter  is  in 
vibration,  and  generates  waves  in  the  ether.  The  clouds  may  shut 
off  the  light  and  heat  of  the  sun,  but  they  are  warm  bodies  them- 
selves, and  radiate  waves  of  heat.  The  earth  itself  is  warm,  and  on 
the  coldest  night  the  dark  space  embraced  by  its  shadow  is  traversed 
by  incessant  streams  of  radiated  waves.  AVe  are  thus  bathed  day 
and  night  in  the  midst  of  never-ceasing  change.  The  ether  is  never 
still. 

It  is,  however,  to  be  distinctly  remembered  that  we  do  not  make 
any  assumption  as  to  the  nature  of  the  vibration  or  the  process  going 
on  in  the  ether.  We  merelv  call  it  a  vibration,  because  we  believe  it 
to  be  a  periodic  variation  of  some  sort.  This  never-ending  tremor 
affects  us  in  two  distinct  ways.  To  it  we  owe  the  sensation  of  vision 
as  well  as  that  of  heat.  If  an  ethereal  wave  lies  between  certain 
limits  of  frequency  it  affects  the  eye,  and  we  call  it  light.  Such  a 
wave  falling  upon  our  bodies  may  also  set  up  commotions  among  our 
molecules,  and  give  rise  to  tlie  feeling  of  warmth.  The  same  wave 
may  thus  cause  two  distinct  impressions,  that  of  light  and  also  that  of 
heat,  just  as  if  a  sound  wave  could  not  only  affect  the  ear  but  could 
also  cause  our  bodies  to  tingle  and  develop  a  sensation  of  warmth. 
Thus  while  we  have  only  one  sense  to  tell  us  directly  that  the  air  is 
vibrating,  we  have  two  by  which  we  can  examine  the  ether.  In  this 
aspect,  then,  the  sense  of  heat  may  be  regarded  as  an  extension  of  the 
sense  of  sight  (see  Art.  13). 

41.  Existence  of  Waves  beyond  the  Limits  of  the  Senses. — The 
eye,  like  the  ear,  is,  however,  limited  in  range.  An  ethereal  wave 
may  be  either  too  slow  or  too  quick  to  affect  it.  Outside  these  limits 
waves  of  any  power  might  fall  upon  us,  and  yet  we  should  be 
enveloped  in  perpetual  night.  Our  sense  of  heat  would,  however, 
come  to  the  rescue.  Waves  which  are  too  slow  to  affect  the  eye  can 
warm  our  bodies.  Thus  these  two  senses  overlap  and  extend  each 
other.  The  waves,  however,  which  most  powerfully  affect  the  eye  are 
not  generally  those  which  most  excite  the  sense  of  heat.     While  some 
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raves  are  of  such  a  length  that  they  can  be  easily  detected  by  either 
ense,  still  some  are  so  long  that  the  eye  fails  to  cope  with  them,  yet 
bey  are  easily  responded  to  by  the  sense  of  heat ;  and,  on  the  other 
land,  some  are  so  short  that  although  they  may  affect  the  eye  yet  they 
ire  with  difficulty,  if  at  all,  detected  by  the  sense  of  heat. 

We  are  now  left  with  those  waves  which  undoubtedly  exist  in 

myriads,  and  which  are  too  short  or  too  long  to  be  detected  by  either 

the  sense  of  sight  or  the  sense  of  heat.     Such  waves  might  fall  upon 

as  for  all  time,  and  still  bv  means  of  our  unaided  senses  we  could 

never  become  aware  of  their  presence.     An  ether  might  exist  and  be 

continually  troubled  by  such  waves,  and  yet  we  could  have  no  direct 

evidence  of   their  existence  or  of  the  medium  which  carried    them. 

The  suggestion  of   such  a  medium  by  any  one   would  probably  be 

looked  upon  as  strong  evidence  of  insanity.     Even  with  the  double 

evidence  of  our  senses  which  we  now  have  in  favour  of  a  space-filling 

ether,  there  are  many  who  would  rather  doubt  such  evidence  than 

believe  in  a  thing  which  they  cannot  directly  perceive  by  the  senses. 

However,  considering  the  medium  as  only  hypothetical,  the  fact  that  it 

might  certainly  exist  and  fill  imporUiiit  functions  in  the  life  of  the 

universe  and  still  never  be  detected  or  suspected  by  us  is  a  strong 

reason  why  the  postulation  of  such  a  medium  for  the  explanation  of 

natural   phenomena    should    not    be   branded   as   iiTational   or    un- 

philosophic. 

The  ingenuity  of  man  has  not  allowed  these  long  waves,  nor  even 
the  very  short  waves,  to  escape.  Those  which  are  too  short  to  be 
directly  detected  by  the  eye  can  be  placed  in  evidence  by  means  of 
their  chemical  action,  while  those  which  are  too  long  to  affect  our 
sense  of  heat  (it  is  only  waves  in  the  neighbourhood  of  Tnnnr  P*^ 
of  a  millimetre  that  act  directly  on  our  senses)  have  been  recently 
subjected  to  the  power  of  man  by  the  celebrated  experiments  of 
Professor  Hertz.  Previous  to  1889  we  were  confined  in  our  observa- 
tions to  waves  about  ^q^qq  part  of  an  inch  in  length,  now  we  can 
work  with  ether  waves  a  foot  or  a  yard  or  a  mile  long  if  desired.^ 

42.  [Restriction  of  the  term  Heat. — As  long  as  the  waves  which 
constitute  radiant  heat  are  travelling  through  free  space  or  transparent 
^lies  they  obey  the  same  laws  as  those  of  light.  When,  however, 
tbey  fall  on  bodies  which  are  opaque  to  them,  both  heat  and  light 
Waves  are  absorbed,  a  conversion  of  ethereal  into  molecular  energy 
takes  pkce,  and  the  bodies  are  warmed.  In  the  study  of  heat  we  are 
chiefly  concerned,  not  with  the  laws  of  the  ethereal  waves,  but  with 
the  manifestations  of  the  molecular  energy  of  material  bodies  to  which 

»  See  the  author's  Theory  of  Light,  Chap.  XXI. 
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they  give  rise.  Hence  it  is  generally  convenient  to  treat  of  the  energy 
of  ethereal  waves,  whether  visible  or  not,  as  light  energy,  and  to 
restrict  the  term  heat  to  the  molecular  energy  of  matter.  If  it  should, 
however,  be  necessary  to  make  special  mention  of  the  invisible  heat- 
producing  waves  they  may  be  referred  to  as  radiant  heatSl 

Before  we  proceed  to  the  study  of  the  effects  of  heat  it  may  k  of 
advantage  to  glance  at  some  considerations  in  relation  to  matter  and 
motion,  and  the  ether  as  the  vehicle  of  energy,  for  before  any  theory 
of  heat  can  be  worked  out  in  full  detail  some  satisfactory  theory  of 
matter  must  be  first  formulated,  and  this  appears  to  be  a  task  of  no 
ordinary  difficulty.  We  shall,  therefore,  consider  briefly  the  evidence 
we  have  regarding  the  structure  of  matter  and  the  causes  which 
determine  its  composition  and  physical  state.  A  full  knowledge  of 
the  ultimate  constitution  of  matter  may  possibly  lie  beyond  the  grasp 
of  the  human  intellect,  for  this  can  only  be  traced  with  certainty  as 
far  as  our  senses,  combined  with  physical  apparatus,  enable  us  to 
observe  it.  The  essential  differences,  however,  between  the  three 
typical  forms — solids,  liquids,  and  gases — and  their  modes  of  interaction, 
form  a  legitimate  subject  of  inquiry. 


SECTION   VI 


ON   MATTER 


48.  Definitions. — Various,  and  very  diverse,  definitions  of  the 
enn  matter  have  been  proposed  from  time  to  time.  The  experimental 
ihysicist,  however,  uses  the  word  merely  to  denote  the  substance  or 
tuff  contained  in  the  objects  around  him,  and  which  constitute  what 
B  termed  the  external  or  material  universe.  These  objects  we 
•ecogniae  and  distinguish  by  means  of  their  properties — that  is,  by 
ihe  impressions,  direct  or  indirect,  which  they  make  on  our  organs  of 
lense,  and  by  means  of  which  we  perceive  their  presence  and  con- 
sequently say  they  exist.  Two  general  properties  have  been  usuaUy 
Utributed  to  matter,  namely,  extension  and  impenetrahilitj/,  the  former 
t«rm  being  used  to  signify  that  any  portion  of  matter  occupies  space, 
or  has  volume,  and  the  latter  to  denote  that  two  bodies,  or  portions  of 
niatter,  cannot  occupy  the  same  portion  of  space  at  the  same  time. 

The  term  impenetrability  thus  appears  to  mean  pretty  much  the 
same  thing  as  extension,  for  if  we  say  a  body  occupies  a  certain  space, 
^e  ought  to  mean  that  it  occupies  that  space  to  the  exclusion  of  all 
other  bodies.  So  that  in  addition  to  referring  to  no  new  property,  and 
t>eiDg  therefore  unnecessary,  the  name  seems  to  be  ill  chosen,  as  it  is 
^oubtedly  misleading  in  its  signification. 

We  distinguish  different  kinds  of  matter  by  such  properties  as 
impressibility,  greater  or  less  rigidity,  colour,  taste,  smell,  but  the 
^'le  property  which  characterises  all  forms  of  matter,  as  we  know  it,  is 
^ighf.  We  measure  matter  by  weight,  and  we  say  that  two  bodies 
^*  equal  weight  have  equal  masses — that  is,  contain  equal  quantities  of 
Matter.  The  term  "  conservation  of  matter  "  might,  therefore,  with 
'^ vantage  be  replaced  by  the  term  ^^conservation  of  weight,^*  as  it  would 
^^ep  the  mind  in  closer  touch  with  the  property  that  really  is  con- 
^rved  throughout  chemical  processes,  namely  weight.  Thus  there  is 
^0  mental  necessity  compelling  us  to  believe  that  the  weight  of  two 
^f  more  atoms  in  chemical  combination  should  be  the  same  as  the  sum 
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of  tlieir  separate  weighte  before  combination,  even  though  the  quan 
of  matter  (measured  in  the  same  way)  remained  the  same  as  bef 
Thus  if  matter  be  regarded  as  an  objective  reality  independent  of  i 
and  his  ideas,  then  we  could  easily  imagine  that  loatter  should  ren 
permanent  in  quantity  throughout  any  chemical  change,  and  yet 
weight  in  the  same  case  might  be  very  dilTerent  at  the  end  of 
reaction  from  that  at  the  beginning.  It  is,  therefore,  better  t«  adi 
strictly  to  the  main  fact,  namoly,  that  the  weight  is  conserved  bo 
as  our  experience  has  yet  gone.* 

The  property  of  extension,  however,  does  not  sufficiently  circ 
scribe  the  term  matter  for  our  purpose,  for  this  property  l>elon| 
anything  conceivable  by  the  human  mind  as  existing  in  space. 
do  not  wish  to  call  the  ether  matter,  or  if  we  adopted  the  fluid  thi 
of  heat  or  electricity,  or  the  corpuscular  theory  of  light,  we  ahi 
avoid  calling  these  media  matter,  for  they  have  all  l)een  suppose 
be  devoid  of  weight,  which  is  the  characteristic  of  all  matter  as 
know  it.  We  might  speak  of  ether,  or  caloric,  or  electricity,  as  fl 
or  fluid  media,  or  simply  as  molia,  hut  never  as  matter.  It  must 
be  clear  that  when  we  speak  of  matter  we  use  the  t«rm  for  the  sak 
convenience  to  denote  that  stiiiT  which  constitutes  the  iKidies  arc 
us,  and  that  the  property  common  to  all  kinds  of  matter,  as  we  h 
it,  is  weight. 

What  we  constantly  d'sent,  however,  is  change  ;  and  in  mattei 
observe  both  change  of  qiiality  or  st^ite,  and  change  of  positio) 
motion.  Thus  wine  when  exposed  to  the  air  turTis  into  vim 
and  water  when  heated  turns  into  vajKiur.  The  former  is  a  cb 
in  quality  and  i.s  tenneil  a  ehfmhd  change  or  process,  while  the  h 
is  a  change  of  the  state  of  aggregation  of  the  matter  and  is  refe 
to  shortly  as  a  change  of  state. 

44.  Divisibility  of  Hatter.— Much  futile  discussion  has 
engaged  in  by  metaphysicians  and  physicists  as  to  the  inf 
divisibility  of  matter.  A  block  of  wood  may  be  split  in  two 
hatchet,  and  each  of  these  portions  may  be  again  divided,  and  3< 
The  qiiostion  then  arises.  Can  this  [irocess  of  suWivision  be  cai 
on  indi'tinitely  1  Divisibility  in  the  abstract  can  certainly  be  cai 
on  indehnitcly,  for  here  it  only  depends  on  the  imagination  ;  bi 
practice  it  is  (|iiite  a  difierent  ijuestioa  If  any  body  can  be  div 
into  two  portions  it  is  a  matter  to  be  tested  by  experiment  aloi 
each   of  these  portions  can  be  divided  into   two   others,   and   w. 

'  [Ileydn-eiller  (Dru.JA  Annnku.  vol.  v.  ]>.  394,  1901)  cUima  to  have  detec 
smiill  olinnge  iu  wei>:lit  diiriug  tlie  solution  of  certain  nalts  in  water.  The  qne 
is,  however,  not  reganlfd  as  definitely  settled  lit  tho  present  tinlo  {1808),1 
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indefinitely.  The  question  of  the  infinite  divisibility  of  matter  is, 
however,  beyond  the  scope  of  experiment,  since  the  infinite,  from  the 
very  meaning  of  the  word,  cannot  be  the  subject  of  experience.  The 
question  is  therefore  an  objectless  one  for  experimental  science. 

If  by  experiment,  however,  it  were  found  that  the  process  of 
division  could  not  be  pushed  beyond  a  certain  limit,  that  we  finally 
came  to  parts  which  we  could  not  further  break  up,  we  still  would 
not  be  justified  in  saying  that  further  division  is  impossible,  but 
should  rest  satisfied  with  stating  that  we  did  not  yet  possess  the 
means  of  pushing  the  division  any  further. 

45.  Antiquity  of  the  Idea  of  Atoms  and  Molecules. — The  idea 
that  all  bodies  are  composed  of  a  multitude  of  very  small  particles 
seems  to  have  been  entertained  since  the  earliest  times  of  civilisation. 
The  hard  atom  was  conceived  2400  years  ago  by  the  Greek  philoso- 
phers Democritus  and  Leucippus,  and  was  subsequently  glorified  in 
the  poetry  of  Lucretius.     An  argument  urged  by  the  latter  in  favour 
of  the  hypothesis  is  the  facility  with  which  it  lends  itself  to  the 
explanation  of  the  mobility  of  fluids  such  as  air  and   water.     This 
arises,  according  to  the  poet,  because  there  are  vacant  spaces  between 
the  perfectly  solid  particles,  and  hence,  although  the  particles  are  hard, 
yet  the  substance  as  a  whole  may  be  soft  and  yielding. 

The  idea  of  a  perfectly  hard  atom  seems  to  be  refuted  by  all  those 
modern  researches,  such  as  spectroscopic  work,  which  lead  us  to  reflect 
on  the  molecular  structure  of  matter.  The  behaviour  of  matter  in 
regard  to  radiant  heat  and  light  leads  us  irresistibly  to  conclude  that 
an  atom  is  not  simply  a  hard,  structureless  particle,  but  that  it  is  a 
more  or  less  complicated  system  capable  of  internal  vibrations  of 
several  distinct  periods. 

The  atomic  theory,  however,  only  acquired  a  definite  form  at  the 
b^inning  of  this  century,  when  it  was  revived  by  Dalton  to  explain 
the  fact  that  in  chemical  combinations  the  elements  unite  in  certain 
definite  proportions.  Since  that  time  the  hypothesis  has  grown  in 
strength,  and  has  been  a  fruitful  instrument  of  progress  in  many 
branches  of  physical  science,  so  that  it  now  claims  the  rank  of  a  well- 
tested  theory. 

4?6.  Value  of  a  Theory. — Such  a  theory,  however,  claims  not  the 
tnith  of  an  abstract  law.  The  human  mind  deals  much  less  easily 
^th  abstract  truths  bv  themselves  than  bv  aid  of  well -conceived 
analogies  and  illustrative  imagery.  The  value  of  any  hypothesis 
depends  upon  its  convenience  in  systematising  observed  fa<;ts,  and  by 
tbe  extent  to  which  it  embraces  all  known  phenomena  must  its 
utility  be  estimated.     Such    an    hypothesis   cannot   be    proved.     It 
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may  be  true,  but  it  must,  nevertheless,  be  regarded  merely  as  a  tool  to 
be  used  for  the  sake  of  convenience  as  long  as  it  is  consistent  with 
observation,  and  which  must  be  rejected,  or  modified  to  suit  our 
wants,  when  found  to  be  no  longer  applicable.  A  well-chosen  hj^ 
thesis  not  only  concatenates  the  observed  facts,  and  gives  a  clear  and 
connected  idea  of  the  general  laws  to  which  they  are  subject,  but  may 
often  lead  to  the  discovery  of  new  relations,  and  thus  place  in  our 
hands  the  means  of  anticipating  phenomena  previously  unobserved. 
The  process  of  scientific  inquiry  may  be  thus  advanced  from  the  stage 
of  blind  groping  to  that  of  well-planned  and  conscious  investigation. 

47.  Molecules  considered  as  Groups  of  Atoms. — According  to 
the  molecular  theory  all  bodies  consist  of  very  small  parts  termed 
molecules.  Every  molecule  is  supposed  to  be  similar  to  every  other 
molecule  of  the  same  substance,  and  to  possess  all  the  mass  properties 
of  the  substance.  In  other  words,  it  is  the  smallest  part  of  the  body 
which  can  be  separated  from  it  and  still  possess  all  the  charac- 
teristics which  distinguish  the  substance.  The  necessity  for  this 
limitation  arises  from  the  fact  that  substances  which  are  apparently 
homogeneous  can  be  decomposed  into  two  or  more  other  substances 
which  are  very  dissimilar  in  their  properties.  Thus  water  can  be 
decomposed  into  hydrogen  and  oxygen,  the  volume  of  the  former 
being  twice  that  of  the  latter.  For  this  reason  a  molecule  of  water  is 
said  to  consist  of  two  atoms  of  hydrogen  united  to  (or  in  chemical 
union  with)  one  atom  of  oxygen.  It  must,  however,  be  admitted  that 
we  have  no  right  to  assert  that  two  atoms  of  hydrogen  imited  in  this 
way  to  one  atom  of  oxygen — that  is,  a  molecule  of  water — would,  if  we 
could  deal  with  it,  possess  all  the  mass  properties  of  water.  Any 
portion  of  a  substance  that  we  can  subject  to  experiment  contains  an 
enormous  number  of  molecules,  and  its  properties  may  be,  and  probably 
are,  very  different  from  those  of  a  single  molecule.  The  chemical 
definitions,  therefore,  require  modification. 

It  is  also  found  that  such  substances  as  hydrogen  and  oxygen 
cannot  be  further  decomposed  by  any  process  at  our  command,  and 
they  are  consequently  said  to  be  simple  substances.  An  atom  is 
the  smallest  portion  of  a  simple  substance  which  can  enter  into 
chemical  combination.  A  molecule,  on  the  other  hand,  may  consist  of 
two  or  more  atoms  associated  together  in  a  manner  which  we  do  not 
as  yet  understand,  and  to  denote  this  manner  of  association  we  say 
they  are  in  chemical  union.  A  molecule  of  a  compound  substance 
is  thus  a  little  society  of  atoms  of  what  we  call  the  elementary 
subsUmces.  Thus  if  we  suppose  the  solar  system  to  dwindle  down 
till  the  masses  forming  it  attained  the  size  of  atoms,  then  the  whole 
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yrstem  thus  associated  might  he  taken  to  represent  what  we  call  a 
aolecule,  the  different  planets  and  their  satellites  forming  its  con- 
.tituent  atoms. 

48.  Evidence  in  Favour  of  the  Atomic  Theory. — The  atomic 
theory  involves  the  supposition  that  there  is  a  practical  limit  to  the 
divisibility  of  matter.  In  fact,  it  is  only  on  this  supposition  that 
any  definite  meaning  can  be  attached  to  the  existence  of  elements 
in  chemical  combination  according  to  Dalton's  law  of  multiple  pro- 
portions. An  atom  as  a  whole  enters  into  or  passes  out  of  chemical 
combination ;  a  portion  of  it  cannot  be  removed  from  a  molecule 
lea\ing  the  rest  in  combination,  and  this  is  what  the  name  signifies. 

All  chemical  experience  harmonises  with  the  atomic  theory,  and 
finds  in  it  an  easy  and  intelligible  mode  of  expression.     The  hypo- 
thesis is  also  strongly  corroborated  by  spectroscopic  researches,  and  by 
observations  in  the  other  domains  of  physical  science ;  yet,  as  to  the 
ultimate  nature  of  matter,  and  as  to  the  question  whether  in  going  on 
dividing  a  portion  of  matter  we  should  finally  arrive  at  an  atom,  or 
portion  which  could  not  be  further   divided,  man  is  still  quite  as 
ignorant  as  he  was  in  the  days  of  Lucretius.     The  solution  of  this 
problem  appears  to  recede  from  our  grasp  as  fast  as  we  approach  it, 
and  this,   perhaps,   is  as  yet  a   matter  of   indifierence   in   chemical 
investigation. 

49.  Idea  of  a  Fundamental  Substance — The  Protyle  Theory. — 
Any  substance,  such  as  oxygen  or  hydrogen,  which  cannot  be  further 
decomposed,  is  called  an  element  or  simple  substance.  It  must  be 
carefully  remembered,  however,  that  an  element  in  the  chemical  sense 
is  an  undecomposed,  not  necessarily  an  undecomposable,  substance. 
Attempts  to  draw  general  conclusions  as  to  the  constitution  of  the 
various  elementary  substances,  from  the  values  of  their  atomic  weights, 
have  been  made  in  two  directions.  The  first  line,  started  by  Prout  in 
1815,  was  based  upon  the  philosophic  assumption  of  a  fundamental 
substance,  or  "  protyle."  This  substance  was  supposed  to  be  hydrogen, 
^d  all  the  other  elementary  substances  were  supposed  to  be  made  up 
of  it,  so  that  if  weight  be  conserved  throughout  chemical  combination, 
w  such  combination  as  would  yield  the  various  elements  out  of 
hydrogen,  then  the  atomic  weights  of  all  the  elements,  and  in  fact 
of  all  substances,  simple  or  compound,  should  be  multiples  of  that  of 
hydrogen.  In  other  words,  if  the  weight  of  an  atom  of  hydrogen  be 
I  ^ken  as  unit  of  weight,  then  the  weight  of  an  atom  of  any  other 
element,  or  of  a  molecule  of  any  chemical  compound,  should  be 
expressible  as  a  whole  number,  provided  the  weight  of  a  molecule  be 
^ual  to  the  sum  of  the  weights  of  its  constituent  atoms. 
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The  test  of  the  applicability  of  such  a  theory  will  depend  upon 
the  accuracy  of  the  determination  of  the  atomic  weights  of  the 
elements,  and  in  the  opinion  of  J.  S.  Stas,  the  accuracy  of  whose  work 
far  surpassed  that  of  his  master  Dumas,  the  hypothesis  of  Prout  is 
inadmissible.  The  atomic  weights  in  many  cases  differ  from  those 
required  by  the  theory  by  quantities  much  larger  than  the  probable 
errors  of  experiment.  There  is,  however,  a  surprising  approximation 
to  the  multiples  of  hydrogen  in  the  atomic  weights  of  many  elements, 
and  Dumas  devoted  himself  to  showing  that  although  the  atomic 
weights  of  all  the  elements  could  not  be  exactly  expressed  as  multiples 
of  hydrogen,  still  they  all  could  be  expressed  very  approximately  as 
multiples  of  half  the  weight  of  a  hydrogen  atom.  Afterwards,  how- 
ever, he  was  forced  to  adopt  the  quarter  hydrogen  atom  as  the  basis 
of  all  the  other  elements,  so  that  the  whole  subject  here  loses  all 
practical  interest,  for  it  is  evident  that  by  taking  a  sufficiently  low 
limit  of  weight  the  approximation  could  be  carried  to  any  degree  of 
closeness.  In  spite  of  the  unsurpassed  work  of  Stas,  the  question  is 
constantly  being  revived  by  astute  thinkers.  Certainly  the  hypothesis 
is  very  attractive,  but  so  far  it  cannot  be  regarded  as  resting  on  any 
sufficiently  est^iblisbed  basis. 

50.  The  Periodic  System. — The  second  line  of  consideration,  intro- 
duced in  1 8G 4  by  Newlands  in  England,  and  Lothar  Meyer  in  Germany, 
might  be  termed  the  periodic  system.     In  the  hands  of  Lothar  Clever 
and  Mendelejeff  it  has  yielded  a  considerable  harvest,  and  they  have 
shown  that  in  a  fairly  general  way  the  properties  of  the  elementary 
substances  are  periodic  functions  of    their  atomic  weights.     Thus  i^ 
all    the  elements  be  arranged    in  the  order  of  their  atomic  weights 
their  chemical   properties  will  vary  from  member  to  member  till  » 
certain  number  of  elements  have  been  piissed,  and  then  these  properties, 
or  very  similar  ones,  will  be  repeated  again  in  order  as  we  pass  up 
the  series  of  elements.     This  system  is  by  no  means  perfect.     Many 
incongruities  still  remain  to  be  eliminated  by  new  facts,  or  fresh  con' 
siderations,  and  so  far  it  can  only  be  regarded  as  the  commencement 
of  what  promises  to  be  a  fruitful  method  of  investigation. 

51.  Continuity  Possible. — The  supix)sition  of  atoms  and  molecule^ 
is,  however,  by  no  means  absolutely  necessary.  Matter  might  also  b« 
regarded  as  continuous  and  structureless,  not  composed  of  discrete 
particles,  but  completely  filling  the  space  enclosed  by  the  surface  oi 
the  body.  It  is  difficult,  from  this  point  of  view,  to  explain  com- 
pressibility, unless  we  postulate  it  as  a  primary  quality  of  every 
element  of  matter,  yet  the  theory  need  not  be  discarded  at  once  on 
this  account.     Our  powers  of  forming  conceptions  are  limited  by  our 
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perience,  and  to  say  that  a  supposition  is  inconceivable  is  merely  to 
sert  that  it  has  not  yet  come  within  the  bounds  of  our  experience, 
'ery  explanation  in  physical  science  is  but  a  reduction  of  a  complex 
oblem  to  its  simpler  elements,  and  there  is  probably  a  limit  to  such 
luction  beyond  which  the  mind  of  man  may  never  pass.  Our  ex- 
umtions,  in  all  cases,  are  made  in  terms  of  ideas  which  arise  out  of 
r  experience.  Beyond  this  we  cannot  go,  but  we  attempt  to  fathom 
3  unknown  by  means  of  analogies  derived  from  the  known. 

52.  Heterogeneity  Possible. — Chemical  combination  might  result 
vm  the  mixture  of  different  substances  which  penetrate  each  other 

intimately  that  we  cannot  find  in  the  compound  the  properties  of 
y  of  the  separate  substances  of  which  it  is  composed.  The  smallest 
rtion  which  we  can  examine  is  apparently  homogeneous  with  the 
lole  mass.  The  mass,  however,  may  still  be  intensely  heterogene- 
iS,  and  in  fact  such  heterogeneity  is  indicated  in  apparently  homo- 
neous  bodies,  such  as  water  and  mercury,  by  different  lines  of 
asoning  based  on  experimental  facts.  Lord  Kelvin  ^  has  shown  that 
1th  such  a  constitution  of  matter  gravitation  alone  would  sufficiently 
rplain  the  greater  part  of  the  phenomena  which  have  been  ascribed 
►  the  so-called  molecular  forces.  That  such  heterogeneity  might 
stually  exist  in  the  apparently  most  homogeneous  substances  and 
:ill  escape  notice  is  clear,  for  its  detection  will  depend  on  our  powers 
[  observation.  Thus,  if  we  consider  a  cubic  mile  of  pudding-stone 
)nning  a  practically  continuous  mass,  made  up  of  blocks  of  various 
^rU  of  stones  varying  in  volume  from  a  cubic  foot  to  a  cubic  inch, 
ken  one  cubic  foot  of  such  a  conglomerate  might  differ  entirely  from 
nother  cubic  foot,  and  we  should  say  the  mass  was  intensely  hetero- 
leneoos.  If,  however,  we  suppose  the  whole  mass  to  be  reduced 
ocording  to  a  uniform  scale,  so  that  the  cubic  mile  becomes  a  cubic 
^  the  heterogeneity  will  now  fairly  escape  observation,  and  we 
kould  say  that  of  such  a  mass  any  cubic  foot  was  the  same  as  any 
ther  cubic  foot.  In  fact,  we  should  say  the  mass  was  homogeneous, 
"bus,  in  a  liquid  the  molecules  may  be  clustered  at  some  points  and 
uniformly  distributed  at  others,  so  that  at  some  points  the  molecular 
Sgregation  may  approximate  to  that  of  the  solid  state,  while  at  others 
t  niay  resemble  that  belonging  to  the  vapour. 

This  idea  of  ultinfate  heterogeneity  in  masses  which  are  apparently 
homogeneous  will  be  found  very  useful  in  dealing  with  some  pheno- 
mena which  at  first  sight  appear  difficult  to  explain,  sucli,  for  example, 
*  variations  of  specific  or  latent  heat.  Thus  in  the  fluid  state  the 
Molecules  at  some  points  may  be  arranged  in  that  condition  which 

1  W.  Thomson,  Froc,  Hoy,  Soc,  Edin.,  1862. 
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characterises  the  solid  state.  It  is  not  at  all  likely  that  a  system  of 
molecules  which  mutually  attract  each  other  would  travel  for  ever 
singly  (as  they  are  ordinarily  supposed  to  do  in  a  permanent  gas)  as 
if  they  were  a  system  of  hard  spheres.  It  is  much  more  likely  that 
at  some  points  they  will  get  into  clusters,  so  that  here  and  there  in 
the  gaseous  mass  an  element  of  the  substance  partakes  more  of  the 
properties  of  a  liquid  than  of  a  gas,  and  as  the  gas  approaches  its 
condensing  point  more  closely  it  is  likely  that  these  clusters  rapidly 
increase  in  number  until  condensation  sets  in.  So  also  when  a  liquid 
approaches  the  freezing  point,  the  state  of  aggregation  which  appertains 
to  the  solid  state  may  be  regarded  as  coming  more  and  more  into 
prominence  until  solidification  actually  sets  in.  The  whole  idea,  then, 
comes  to  this,  that  we  shall  be  probably  near  the  truth  in  regarding  as 
ordinary  gas  a  mixture  of  what  we  call  a  perfect  gas  with  the  liquid, 
and  a  liquid  may  in  the  same  way  contain  a  portion  of  the  solid  in 
solution. 

58.  Three  States  of  Matter — Molecular  Theory. — The  three 
states  of  matter — viz.  solid,  liquid,  and  gas — must  now  be  considered 
with  reference  to  the  molecular  theory.  In  general,  any  substance 
may  take  each  of  the  three  states — the  state  in  which  it  happens  to 
exist  being  determined  by  its  temperature  and  pressure.  Thus,  water 
substance  at  the  ordinary  atmospheric  pressure  may  exist  either  as 
solid  ice,  liquid  water,  or  be  altogether  converted  into  vapour,  according 
to  the  temperature. 

To  explain  this,  the  theory  supposes  that  the  molecules  of  every 
body  are  in  a  state  of  perpetual  agitation,  and  this  may  consist  in  the 
motion  of  the  molecule  as  a  whole,  or  as  a  vibration  or  rotation  of  its 
constituent  parts,  or  both.  This  molecular  motion  is  supposed  to 
depend  upon  the  temperature ;  the  hotter  a  body  is,  the  greater  the 
intensity  of  its  molecular  agitation.  In  a  solid  the  molecules  are 
supposed  to  oscillate  round  mean  positions.  Each  is  confined  to  a 
very  small  space,  which  it  never  leaves.^  As  the  temperature  rises  the 
molecular  agitation  increases,  and  at  length  becomes  so  violent  that 
the  molecules  break  away  from  their  imprisonment  and  wander  about 
indiscriminately  amongst  each  other.  In  this  state  the  substance  is 
said  to  be  in  the  li(|uid  form. 

In  a  li(iuid,  then,  the  molecules  as  well  a^  being  in  a  state  oi 
vibration  have  also  a  motion  of  translation  whereby  they  continually 
move  in  and  out  amongst  each  other,  so  that  any  molecule  in  one 

^  [The  experiments  of  Sir  W.  C.  Roberts-Aust<^n  on  the  diffusion  of  solid  metws 
into  each  other  show,  however,  tliat  this  view  can  only  be  approximately  true  (s** 
Proc.  Roy.  Soc.,  Feb.  1896).] 
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part  can  pay  a  visit  to  another  in  any  other  part  of  the  liquid.  Such 
a  visit,  however,  is  quite  accidental.  Each  molecule  is  so  jostled  by 
the  others  in  its  wanderings  that  its  path  is  almost  entirely  for- 
tuitous. In  order  to  endow  the  molecules  with  this  extra  motion, 
and  also  to  overcome  the  forces  which  held  the  molecules  confined  in 
the  solid  state,  work  must  be  done,  and  this  work  is  the  equivalent  of 
what  is  known  as  the  latent  heat  of  fusion.  This  continual  interchange 
of  position  and  gliding  through  each  other  of  the  molecules  of  a  liquid 
is  suggested  by  the  phenomenon  of  diffusion,  which  takes  place  even  in 
opposition  to  the  force  of  gravity. 

If  we  now  consider  a  liquid  to  be  gradually  heated  the  molecular 
energy  will  increase,  and  when  a  molecule  approaches  the  surface  it 
may  possess  a  velocity  sufiicient  to  project  it  completely  from  the 
liquid  into  the  space  above  against  the  attraction  of  the  neighbouring 
molecules  in  the  surface  layer.  There  will  thus  be  a  continuous 
stream  of  projected  molecules  leaving  the  liquid,  and  this  is  what  we 
know  as  evaporation,  and  when  the  molecules  all  attain  velocities 
sufficient  to  carry  them  through  the  siurface  layer,  the  liquid  will  all 
pass  into  the  state  of  vapour  or  become  a  gas. 

The  essential  difference  between  a  liquid  and  a  gas  according  to 
our  theory  is,  that  while  in  a  liquid  the  molecules  move  about  amongst 
each  other,  each  can  travel  no  appreciable  distance  before  it  encounters 
another,  and  has  its  direction  of  motion  altered  by  impact  or  mutual 
influence.  In  a  liquid  there  is  nothing  of  the  nature  of  a  free  path ; 
each  molecule  is  constantly  under  the  influence  of  its  neighbours.  In 
the  case  of  a  gas,  however,  each  molecule  between  two  consecutive 
collisions  is  free  from  the  influence  of  the  others.^  There  is  a  free 
path,  and  this  path  is  rectilinear  but  very  short  In  the  passage 
from  the  liquid  to  the  gaseous  state,  the  molecules  must  be  separated 
from  each  other  in  opposition  to  their  mutual  attraction,  and  the  work 
thus  spent  represents  part,  at  least,  of  what  is  known  as  the  latent 
heat  of  vaporisation. 

54.  Encounter  and  Free  Path. — When  two  approaching  molecules 
come  within  a  certain  limiting  distance  of  each  other,  their  relative 
velocity  in  the  direction  of  the  line  joining  their  centres  is  supposed 
to  diminish  gradually,  and  become  finally  reversed.  This  mutual 
action  is  referred  to  as  an  encounter  between  two  molecules,  and  in  a 
permanent  gas  the  time  spent  during  an  encounter  must  be  much  less 
than  that  occupied  in  the  free  path.  As  the  density  of  a  gas  increases 
the  length  of  the  free  path  diminishes,  and  the  encounters  become 
more  frequent.     The  proportion  of   time  spent  in  collision  becomes 

'  The  reaaons  for  this  supposition  will  be  given  afterwards,  see  Art.  247. 
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comparable  with  that  of  free  motion,  and  the  properties  of  the  sub- 
stance become  considerably  modified  by  the  mutual  influence  of  the 
molecules  on  each  other.  The  effect  of  compression  is  to  bring  the 
molecules  more  within  the  sphere  of  each  other's  attraction,  so  that 
the  substance  gradually  loses  the  characteristic  properties  of  a  perfect 
gas  and  acquires  gradually  the  properties  appertaining  to  the  liquid 
state.  In  liquids  there  is  no  free  path.  The  molecules  are  con- 
tinually within  the  sphere  of  each  other's  attraction,  and  the  behaviour 
of  the  substance  with  regard  to  pressure  and  temperature  will  be 
determined  by  the  nature  of  the  molecules  and  their  mutual  action. 
On  the  other  hand,  the  mutual  influence  of  the  molecules  is  practically 
negligible  in  gases,  and  the  behaviour  of  such  substances  with  respect 
to  pressure  and  temperature  will,  within  certain  limits,  be  independent 
of  the  nature  of  the  molecular  attraction,  and  the  law  connecting 
volume,  pressure,  and  temperature  will  be  the  same  for  all  gases.^ 
It  ought  to  be  kept  in  mind,  however,  that  when  two  molecules 
approach  each  other  the  encounter  may  not  always  be  accompanied  by 
a  rebound,  for  the  two  may  start  rotating  about  each  other,  and  thus 
form  the  nucleus  of  condensation  which  leads  to  the  heterogeneity 
spoken  of  in  Art.  52. 

55.  The  Dynamical  Theory  of  Gases. — In  order  to  account  for 
the  pressure  of  gases  against  the  walls  of  the  enclosing  vessel,  as  well 
as  their  power  of  expanding  to  fill  any  space,  their  molecules  were 
endowed  by  many  philosopher  with  mutually  repelling  forces.*    The 
idea  that  the  molecules  of  a  gas  repel  each  other  does  not  seem  to  be 
yet  quite  extinct,  although  it  was  shown  by  Daniel  Bernoulli^  as 
early  as  1738  that  the  pressure  and  expansive  power  of  gases  could 
be  satisfactorily  explained  by  the  supposition  of  molecular  motion. 

Let  us,  for  the  sake  of  clearness,  consider  the  molecules  of  a  ga^ 
as  small  equal  masses,  and  let  us  inquire  into  the  eflect  of  a  numbel" 
of  such  molecules  when  enclosed  in  a  vessel,  and  each  in  rapid 
motion.  Let  the  vessel  l)e  a  horizontal  tube  closed  at  one  end,  and 
having  a  movable  piston  fitting  into  the  other,  so  as  to  slide  freely 

^  Sir  Wm.  Crookes  rejjards  the  ultra-gaseous  condition  in  which  the  niolecale* 
are  so  far  apart  that  collision  is  rare  as  a  fourth  state  of  matter  (**  Radiant  Stat^ 
of  Matter,"  Proc.  lioy.  i>oc.  vol.  xxx.  p.  469,  1880). 

'^  The  assumption  of  such  a  mutual  repulsion  between  the  molecules  of  a  gas  i* 
contrary  to  all  experience,  except  the  term  be  restricted  to  such  forces  as  thos* 
which  come  into  operation  during  iuijiact  and  rebound.  For  if  the  molecule* 
repelled  each  other,  their  kinetic  energies  would  increase  as  their  distances  froni 
each  other  increased,  that  is  as  the  volume  of  the  gas  increases.  Consequently,  >' 
a  gas  expanded  without  doing  external  work,  its  temperature  would  rise,  that  is  ^^ 
the  temperature  is  determined  by  the  energy  of  motion  of  the  molecule:!. 

^  Bernoulli.  Ilydrtxiitnamica,  Strasbourg,  1738. 
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1  it  We  shall  consider  the  bombardment  of  the  molecules  against 
le  piston.  Each  molecule  as  it  strikes  the  piston  communicates  a 
^rtain  impulse  to  it  which  would  set  it  in  motion  outwards  if  not 
eld  at  rest.  Here,  then,  at  once  we  find  that  a  certain  force  will  be 
ecessary  to  hold  the  piston  in  position,  or,  in  other  words,  the  en- 
losed  gas  exerts  a  pressure  in  virtue  of  the  motion  of  its  molecules, 
lie  force  necessary  to  hold  the  piston  in  position  will  depend  on  the 
umber  of  molecules  which  strike  it  per  second,  and  for  molecules 
f  a  given  kind  moving  with  a  given  velocity  this  will  be  propor- 
ional  to  the  number  of  molecules  per  unit  volume,  that  is,  to  the 
lensity  of  the  gas.  The  pressure  then  will  be  proportional  to  the 
lensity,  that  is,  inversely  as  the  volume  when  the  mass  is  given, 
f  the  temperature  of  a  gas  depends  only  on  the  motion  of  its 
nolecules,  it  will  follow,  then,  that  at  constant  temperature  the 
[MToduct  of  the  volume  and  pressure  will  be  constaYit.  Thus  we  have 
deduced  Boyle's  law  as  an  immediate  consequence  of  the  dynamical 
theory. 

We  shall  now  examine  the  matter  a  little  more  closely.  If  a  mole- 
cule of  mass  in  approaches  a  wall  with  a  velocity  u,  and  rebounds  with 
the  same  velocity,  the  momentum  or  impulse  given  to  the  wall  by 
the  impact  will  be  twice  the  momentum  of  the  molecule,  that  is 

2mu. 

For  simplicity  let  us  consider  a  single  molecule  moving  perpen- 
dicularly to  a  pair  of  opposite  sides  of  a  cubical  box  of  unit  volume. 
K  the  molecule  moves  backwards  and  forwards  with  velocity  u  im- 
pinging on  the  two  sides  alternately,  it  will  strike  each  side  ^u  times 
per  second  (since  the  space  traversed  between  two  consecutive  impacts 
on  the  same  wall  is  twice  the  edge  of  the  cube  or  two  units  of  length), 
hence  the  impulsive  pressure  caused  by  a  single  molecule  will  be 

2mu  X  ic  =  w«', 

*nd  if  a  molecules  be  enclosed,  the  pressure  will  be  the  sum  of  the 
Pwtial  pressures  due  to  the  individual  molecules  (that  is,  if  they  are 
w  sparsely  distributed  that  their  mutual  influence  may  be  neglected), 
^  the  pressure  will  be 

If,  however,  u^  be  taken  to  represent  the  mean  of  all  the  values  of 
**  for  the  various  molecules,  then  if  there  be  n  molecules  in  the  unit 
Volume  we  shall  have  nu^  =  2m^,  and 

p  =  mmt!^. 
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Now,  in  the  general  case  a  molecule  may  be  moving  in  any  direc- 
tion with  a  velocity  V,  the  rectangular  components  of  which  perpendi- 
cular to  the  faces  of  the  cube  are  w,  t*',  \C^  so  that 


and  if  V^  denotes  the  mean  of  all  the  values  of  V*  for  the  various 
molecules,  with  corresponding  meanings  for  t?,  il',  w",  we  shall  have 

and  since  the  molecules  do  not  tend  to  accumulate  in  any  part  of  the 
vessel  there  will  be,  on  the  whole,  as  many  passing  across  any  plane 
per  second  in  any  one  direction  as  in  the  opposite,  or,  in  other  words, 
the  pressure  will  be  equal  in  all  directions,  and 

Consequently  in  the  general  case,  when  the  molecules  are  monng 
indiscriminately  through  the  cube  with  a  velocity  whose  mean  square  is 
V*,  the  pressure  per  unit  area  will  be 

where  n  is  the  niunber  of  molecules  per  unit  volume.  Now  mn  is  the 
mass  per  unit  volume,  or  the  density  p  of  the  gas,  consequently  ^ 

If  a  given  mass  M  of  gas  be  enclosed  in  a  vessel  of  volume  r,  then 
M  =  /)V  and  the  equation  becomes 

Hence  if  the  mean  square  of  the  velocities  of  the  molecules  remains 

'  This  equation  enables  us  to  calculate  the  velocity  of  mean  square  for  any  p^ 
as  was  shown  by  Joule.  (Paper  read  before  Manch.  Lit,  and  Phil,  Soc.^  1848. 
Republished  in  Fhil.  Mag.  vol.  xiv.  p.  211,  1857.)  Thus  at  atmospheric  pressnre 
p  =  1033  grammes  per  square  centimetre,  and  at  0""  C.  the  density  of  hydrogen  w 
0'00008957  (gr.  per  c.c. ),  hence  taking  f/=981,  we  have  for  hydrogen  at  0**  C— 

vel.  of  mean  square  =  1842  metres  per  second. 

[Clausius  [Poijg.  Ann.  c.  1857,  p.  377)  has  given  the  following  values  for  velocititfOi 
mean  square  of  gases  at  0    C.  : — 

Oxygen 461  metres  per  second. 

Nitrogen 492 

Hydrogen 1844 

It  is  to  be  observed  that  the  velocity  of  mean  square  (i.e.  the  square  root  of  \-  tb® 
mean  value  of  the  squares  of  molecular  velocities)  is  not  the  same  as  the  mean 
velocity  of  the  molecules.     The  former  is  somewhat  greater  than  the  latter.] 


II 
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nstant  the  product  of  the  pressure  and  volume  will  be  constant. 
»r  unit  mass  we  have  therefore  for  all  gases  the  equation 

It  is  thus  proved  that  the  pressure  of  a  gas  may  be  thoroughly 
plained  by  the  motion  of  its  molecules,  and  that  the  supposition  of 
pulsive  forces  between  the  molecules  is  quite  unnecessary,  as  well  as 
ing  unscientific,  molecules  being  already  endowed  with  the  property 

mutual  attraction.  There  is  one  point,  however,  which  should  be 
^ticed.  By  Boyle's  law  we  know  that  the  product  pv  is  constant  at 
nstant  temperature,  and,  therefore,  the  right-hand  member  of  the 
ove  equation  must  be  a  function  of  the  temperature.  The  tempera- 
ire,  then,  must  be  measured  in  some  way  by  Y^,  the  mean  square  of 
le  velocities  of  the  molecules,  or  by  their  mean  kinetic  energy, 
ence  the  heat  of  a  gas  must  be  in  some  way  related  to  the  kinetic 
lergy  of  its  molecules,  and  the  same  conclusion  may  be  legitimately 
(tended  to  all  other  bodies. 

CoR.  If  several  gases  be  mixed  in  the  same  vessel,  and  if  their 
lolecular  masses  are  m^,  m^  ni^  etc.,  while  the  number  per  unit  volume 
i  each  is  n^,  n^  n^,  etc.,  then  as  before,  if   their  mean  squares  of 

elocities  are  \^\  Vg^  Vj^,  etc., 

P  =  iwiniV;^  +  h^n^y^  +  iwis^s  Vs'  +  etc. , 
r 

p=Pi+p^-{^p^  + etc. 

iTiat  is,  the  pressure  of  the  mixture  is  equal  to  the  sum  of  the  pres- 
*ires  which  the  gases  would  exert  if  they  occupied  the  whole  space 
■eparately.  This  result  was  discovered  experimentally  by  Dalton, 
«id  is  true  of  course  only  so  long  as  the  molecules  do  not  sensibly 
>b8truct  each  other. 

56.  [Distribution  of  Velocities  in  Steady  State — Maxwell's  Law. — 
^D  this  inquiry  one  of  the  first  questions  to  present  itself  is  that  of 
^mperature.  On  the  kinetic  theory  the  temperature  of  a  gas  should 
^  expressible  in  purely  dynamical  terms.  When  a  mass  of  gas  is  in 
equilibrium,  we  know  that  its  temperature  as  well  as  its  pressiu-e  and 
density  is  constant  throughout.  We  have  therefore  to  inquire  what 
luantities  are  constant  for  gases  in  equilibrium.  The  first  step  is  to 
determine  the  way  in  which  the  velocities  are  distributed  amongst  the 
inolecules  in  a  gas  when  a  steady  state  is  attained. 

At  first  sight  it  might  appear  that  in  a  state  of  equilibrium  the 
Velocities  of  the  molecules  would  be  all  equal.  A  little  consideration 
^1,  however,  convince  us  that  this  is  not  the  case,  for  even  if  the 
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velocities  were  originally  all  equal,  the  encounters  between  the  molecules 
would  soon  produce  an  inequality.  For  instance,  if  two  equal  smooth 
elastic  spheres,  moving  with  velocities  of  equal  magnitude,  collide, 
they  will  not  have  equal  velocities  after  separating,  except  under 
special  conditions  of  impact.  Maxwell  ^  first  enunciated  the  theorem 
that  the  components  of  molecular  velocity  are  distributed  amongst  ihe 
molecules  according  to  the  same  law  as  the  errors  are  distributed  amongst 
the  observations  in  the  theortf  of  errors  of  observations.  This  is  Maxwell's 
law  of  distribution  of  molecular  velocities.  Maxwell's  original  proof 
of  this  theorem  is  open  to  objection,  but  was  afterwards  improved 
both  by  Maxwell  himself  and  by  others.  The  most  satisfactory  form 
of  proof  is  that  due  to  L.  Boltzmann,  who  has  been  one  of  the  chief 
workers  in  the  development  of  the  kinetic  theory. 

The  mathematical  demonstration  of  the  law  of  distribution  of 
molecular  velocities  is  beyond  the  scope  of  the  present  work,  but  the 
following  indication  of  the  line  of  argument  adopted  may  be  given.* 

Since  the  velocity  of  a  given  molecule  is  constantly  changing  both 
in  direction  and  magnitude  owing  to  encounters  with  other  molecules, 
we  do  not  attempt  to  study  the  path  of  a  single  molecule,  but  adopt 
a  sUiti4ical  method  of  treatment,  i,e.  we  consider  the  molecules  as 
divided  into  classes  according  to  their  velocities,  and  estimate  the 
number  belonging  to  any  given  class.  Let  us  represent  the  magni- 
tudes of  all  the  possible  velocities  by  lengths  measured  from  0  along 

a  straight  line  OX  (Fig.  2).      Beginning 


I — >♦>«»»>»  t  *  »  t  I  » 


w  ABC  ^   at  O  divide  OX  into  a  number  of  very 

Fijx.  2.  T 

small  equal  parts,  and  let  ABC  bp  vij 
consecutive  divisions.  Then  all  the  molecules,  whose  velocities  lie  in 
magnitude  between  •  OA  and  OB  belong  to  one  class,  all  those  whose  _ 
velocities  lie  between  OB  and  OC  to  the  next  class,  and  so  on.  All 
the  molecules  in  a  given  class  have  very  nearly  the  same  velocity, 
since  the  divisions  are  very  small. 

Consider  now  the  case  'of  a  mass  of  gas  at  rest  and  in  thermal 
equilibrium.  The  number  of  molecules  in  any  class  will  be  soma^ 
function  (as  yet  unknown)  of  the  velocity  characteristic  of  that  class. 
When  two  molecules  of  any  two  classes  encounter,  they  will  generally, 
after  separating,  belong  to  two  new  classes.  Hence  each  class  is 
continually  losing  molecules  belonging  to  it,  and  at  the  same  time 
continually  gaining  fresh  recruits  from  the  other  classes.     The  con- 

^  Scicnlijic  Papers^  vol.  i.  p.  377  ;  vol.  ii.  p.  43. 

^  For  the  mathematical  proof  the  following  works  may  be  consnlted : — L.  Boltx- 
mann,  VorUsinigcn  iihrr  Gasth4>orie  ;  H.  W.  Watson,  Kinetic  Theory  of  Gases,  189S; 
O.  E.  Meyer,  Die  kinftische  Throne  der  Oase,  1899  (Eng.  tran.  by  R.  E.  Baynes). 
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dition  for  stability  of  distribution  is  that  each  class  should  in  any 
period  gain  as  many  members  as  it  loses.  In  order  to  be  able  to 
obtain  this  condition  in  the  form  of  a  mathematical  equation,  the 
following  assumptions  are  made : — 

(1)  The  molecular  velocities  are  without  any  regularity  of  distribu- 
tion in  space,  Le,  the  probability  that  a  particular  molecule  should 
belong  to  a  particular  class  is  quite  independent  of  the  classes  to 
which  its  immediate  neighbours  may  belong.^ 

(2)  The  molecules  are  so  small  and  so  sparsely  distributed,  and 
the  time  occupied  by  an  encounter  is  so  brief  compared  to  the  period 
between  two  .encounters,  that  encounters  between  three  or  more 
molecules  are  very  infrequent,  and  their  effects  may  be  neglected. 
Thus  only  binary  encounters  need  be  considered. 

(3)  The  law  of  conservation  of  energy  holds  for  the  kinetic  energy 
of  molecules  during  encounters.^ 

Employing  the  above  assumptions,  the  mathematical  expression  of 
the  condition  for  stability  of  distribution  fuiiiishes  us  with  an  equation 
which  leads  to  the  determination  of  the  function  expressing  the 
number  of  molecules  in  any  class  in  terms  of  the  velocity  characteristic 
of  that  class.     Thus  the  law  of  distribution  is  found. 

When  the  same  method  is  applied-  to  the  case  of  a  mixture  of  two 
or  more  gases,  it  is  found  that  the  same  law  of  distribution  holds  for 
the  velocities  of  the  molecules  of  each  gas,  and  also  that  the  mean 
bietic  energy  of  molecular  translation  is  the  same  for  all  the  gases, 
^ow  when  two  gases  are  mixed  and  in  a  state  of  equilibrium,  their 
densities  and  pressures  ^  may  be  different,  but  we  should  expect  their 

^  This  assumption  has  been  objected  to  by  S.  H.  Burbury  {PhU.  Mag.  1900, 
1901)  on  the  ground  that  the  mutual  influence  of  the  molecules  would  tend  to  pro- 
<hice  equality  of  velocity  in  neighbouring  molecules,  so  that  a  kind  of  molecular  drift 
Would  be  going  on  even  in  a  gas  at  rest,  that  is,  a  gas  having  no  sensible  currents 
through  it.     See  also  the  preface  to  Mr.  Burbury's  Kinetic  Theory  of  Gases. 

^  It  is  obvious  that  any  irreversible  transformation  of  energy,  such  as  takes  place 
daring  the  collision  of  imperfectly  elastic  spheres,  would  be  inconsistent  with  a 
'^y  state,  since  a  loss  of  kinetic  energy  would  then  be  continually  going  on 
^thont  possibility  of  recovery.  But  a  conversion  of  energy  of  translation  into 
I*tential  energy  (as  when  gravity  is  supposed  to  act)  or  into  internal  energy  of  the 
''iolecnle  (provided  this  is  reconvertible  into  energy  of  translation)  may  take  place. 
^08,  to  take  a  simple  case,  if  the  molecules  are  supposed  to  be  smooth  ellipsoids  of 
''▼olation,  the  law  of  distribution  of  velocities  would  not  apply  to  the  velocities  of 
station  about  their  axes  of  revolution,  but  would  apply  to  the  velocities  of  rotation 
*wut  axes  perpendicular  to  these.  We  may  observe  that  though  each  individual 
encounter  is  assumed  to  be  reversible  in  character,  the  aggregate  result,  or  the 
V^^i^x/sA  by  which  a  gas  attains  a  state  of  thermal  equilibrium,  is  as  irreversible  as 
tbe  mixing  of  two  fine  powders. 

'  By  the  pressure  of  one  constituent  in  a  mixture  of  gases  is  meant  that  pressure 
which  its  molecules  alone  exert  on  the  walls  of  the  containing  vessel. 


74  THEORY  OF  HEAT  chap,  i 

temperatures  to  be  the  same.  We  cannot,  however,  find  out  by 
experiment  whether  this  is  so  or  not,  as  a  thermometer  would  measure 
only  the  temperature  of  the  mixture,  not  that  of  each  constituent 
But  the  kinetic  theory  has  also  been  applied  to  the  case  of  two  gases 
separated  by  a  conducting  wall,  i.e.  a  partition  which  will  allow  the 
transmission  of  energy,  but  not  of  matter;  and  the  same  laws  are 
found  to  hold.  Hence  the  condition  for  equality  of  temperature  on 
the  kinetic  theory  is  that  the  mean  kinetic  energy  of  translation  of 
molecules  should  be  the  same  for  the  two  gases.  It  follows  that  we 
might  take  this  mean  kinetic  energy  as  a  measure  of  the  temperature 
of  a  gas.] 

57.  Molecular  Kinetic  Energies. — In  the  foregoing  we  hare 
only  considered  the  velocity  of  translation  of  the  molecules.  Besides 
possessing  velocity  of  translation  each  molecule  may  be  in  a  state  of 
vibration  or  rotation,  and  will  possess  kinetic  energy  in  virtue  of  these 
motions  as  well.  Problems  of  much  greater  complexity  are,  therefore, 
presented  when  we  consider  the  effect  of  these  additional  motions  on 
the  mutual  encounters  and  impacts  against  the  walls  of  the  enclosure. 
The  further  question  is  also  presented  as  to  how  the  total  kinetic 
energy  of  a  molecule  is  divided  between  the  three  components- 
translation,  vibration,  and  rotation.  In  a  perfect  gas  it  is  divided, 
according  to  Clausius,  in  a  constant  ratio  between  the  three,^  so  that 
denoting  them  by 

2:iwi¥^  Ziwii?,  2i???w^ 

respectively  we  have 

U'  =  at(r^j  and  w*  =  />icr', 

where  a  and  b  are  constants  depending  on  the  nature  of  the  gas. 
Hence  the  equation 

may  be  written  in  the  form 

and  if  we  define  the  temperature  of  the  gas  as  the  average  kinetic 
energy  of  vibration  of  a  molecule,  we  have 

therefore  the  equation  becomes 

;«?=§  e, 

m 

or  since  the  whole  mass  under  consideration  is  unity,  and  therefore 
\jm  =  n,  the  number  of  molecules,  we  have 

1  A  result  also  indicated  by  the  kinetic  tlieory.     See  p.  41  of  The  Kinetic  Theory 
of  Oasrs^  by  H.  W.  Watson. 
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pv  is  constant  if  n  and  6  are  constant.  The  product  pv  may 
J  vary  from  either  of  two  causes.  Either  the  average  energy 
lolecule  may  vary,  or  the  molecules  may  form  into  clusters,  so 

number  n  changes,  and  when  groups  of  molecules  are  formed 
mt  modifications  will  be  introduced. 

Structure  of  Atoms — Rankine*s  Hjrpothesis. — The  hard  atom 
rrecian  philosophers,  although  at  present  in  disrepute  and  out 
I  with  the  more  modern  scientific  conceptions,  still  survives  in 
I  sense  unrefuted.  Kival  theories  have  been  developed  which 
laps  just  as  improbable,  and  perhaps  not  less  illusory.  The 
x)nceivable  of  these  is  that  of  Boscovich,  who  by  mathematical 
int  got  rid  of  the  material  atom  altogether,  and  replaced  it  by 
point,  or  centre  of  force  towards,  or  from,  which  certain  forces 
•ectecl.  This  view  was  supported  on  the  assertion  that  matter 
^  be  known  by  its  effects,  and  if  these  can  be  explained  other- 
(  assumption  of  a  substance  is  not  necessary.  The  phenomena 
'e  were  thus  to  be  explained  by  a  mathematical  fiction  similar 
which  in  the  hands  of  Gauss  and  Poisson  formed  the  founda- 
ihe  theory  of  statical  electricity. 

first  step  towards  a  rational  theory  was  made  by  Rankine,^ 
)ut  1842  endeavoured  to  derive  the  laws  of  pressure  and  ex- 
of  gases  from  what  he  termed  the  hypothesis  of  molecular  rortices, 

hypothesis  assumes  "that  each  atom  of  matter  consists  of  a  nucleus  or 
)int  enveloped  by  an  elastic  atmosphere,  which  is  retained  in  its  position 
:ive  forces,  and  that  the  elasticity  due  to  heat  arises  from  the  centrifugal 
-hose  atmospheres,  revolving  or  oscillating  about  their  nuclei  or  central 
No  definite  supposition  is  made  as  to  whether  the  elastic  atmospheres  are 
is  or  consist  of  discrete  ]>articles — that  is,  whether  the  elasticity  of  these 
res  is  a  primary  quality  or  entirely  due  to  the  ''repulsion"  of  discrete 
,  Further,  the  nucleus  at  the  centre  of  each  molecule  may  or  may  not  be 
1  nature  from  the  clastic  envelope.  It  may  be  a  portion  of  the  atmosphere 
ensed  state,  or  merely  a  centre  of  condensation  of  the  atmosphere.  The 
leus  signifies  merely  the  atomic  centre,  and  its  volume,  if  any,  is  assumed 
ppreciably  small  compared  with  that  of  the  enveloiie.  The  sup{)OBition 
o  the  inquiry  is  "that  the  vibration  which,  according  to  the  wave  theory, 
>s  radiant  heat  and  light,  is  a  motion  of  the  atomic  nuclei  or  centres,  and  is 
d  by  means  of  their  mutual  attractions  and  repulsions."  The  absorption 
diou  of  heat  and  light  consist  in  a  transference  of  motion  from  the  nuclei 
tmos[)heres,  and  vice  vcrsd,  and  this  hypothesis  Rankiue  considered  as  i)os- 
nmense  advantages  in  explaining  the  projMigation  of  transverse  vibrations, 
nse  velocity  of  light,  and  its  disjxjrsion  as  well  as  its  mode  of  ])ropagation 
?rj'8talline  media.     According  to  this  theory,  in  the  case  of  perfect  fluidity 


ns.   Jioif.   ^'oc.  Edin.,  4th  Feb.  1S50  ;    Phi/.    Mag.,    Dec.    1851;    ScierUific 
K  16. 
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each  atomic  atmosphere  possesses  uniform  deusity  throughout  each  spherical  layer 
described  round  the  central  nucleus.  In  other  words,  the  density  at  any  point  of 
the  atmosphere  is  considered  as  a  function  of  the  distance  from  the  centre  of  the 
atom.  The  quantity  of  heat  in  a  body  is  measured  by  the  kinetic  energy  of  its  mole- 
cular revolutions  or  oscillations.  These  molecular  motions  might  either  be  an  oscil- 
lation of  the  spherical  layers  of  the  atomic  atmospheres  to  and  from  their  centres,  or 
else  a  vortex  motion  of  the  elements  of  the  atmospheres  round  the  radii  of  the 
spherical  atoms,  so  that  each  spherical  layer  is  filled  with  radial  vortices. 

Such  is  liankine's  attempt  to  explain  dynamically  the  increase  of 
pressure  of  gases  caused  by  heat,  and  although  it  is  merely  a  first  trial, 
and  probably  is  far  from  the  tnith,  yet  in  its  very  name  it  contains 
the  germs  of  suggestion  which  render  it  not  unworthy  of  its  author.^ 

59.  Preliminary  Considerations  on  the  Possibility  of  Matter  being 
due  to  Motion  in  a  Medium. — ^The  question  which  now  presents  itself 
is,  What  is  an  atom  of  matter  ?  By  assuming  the  existence  of  atoms 
and  molecules,  and  endowing  them  with  certain  qualities,  many  of  the 
properties  of  bodies  may  be  plausibly  explained,  but^  granting  the 
existence  of  atoms,  the  problem  which  still  remains,  and  which 
probably  ever  will  remain,  for  speculation  is,  What  is  an  atom !  The 
existence  of  a  fundamental  medium,  the  ether,  has  already  been 
postulated  for  many  reasons.  Being  furnished  with  this  medium  and 
motion  in  it,  the  problem  before  us,  broadly  stated,  is  "  construct  the 
physical  universe." 

In  attacking  a  problem  of  this  nature  we  may  with  profit  consider 
the  case  of  a  person  furnished  with  ordinary  faculties,  and  placed  in  a 
uniform  medium.  For  the  sake  of  clearness  let  us  take  a  being  capable 
of  mo^4ng  through  a  homogeneous  ocean,  and  having  no  knowledge  of 
sing  in  i^  boundaries,  or  of  what  is  called  the  top  and  bottom.  The  ocean 
infinite  being  supposed  perfectly  uniform  in  all  directions,  the  supposed  person 
can  detect  no  differences  in  its  properties  as  he  moves  through  it,  and 
he  will  consequently  be  ignorant  of  his  own  motion,  as  well  as  of  th® 
existence  of  the  medium  in  which  he  moves.     Let  us  now  suppose 

• 

that  at  a  certain  place  in  the  ocean  there  is  a  whirlpool,  or  what  w 
termed  a  rectilinear  vortex.  When  the  being  approaches  this  part  of 
the  ocean  he  will  experience  certain  actions,  or  sensations,  arising  from 
the  motion  of  the  medium,  and  on  reflection  he  will  consider  that  there 
is  something  at  this  place,  and  will  give  it  a  nama  This  whirlpool 
will  be  something  to  him,  and  all  the  rest  of  the  ocean  will  be  void- 

^  A  germ  of  Rankiiie's  theory  seems  to  be  contained  in  the  older  opinion  regaidin? 
the  heat  Huid.  According  to  Becher  and  Stahl  the  terra  inflamtnabilis,  or  phl(^toD} 
was  affected  with  a  rapid  whirling  motion,  mofius  vorticUlaris^  and  when  the  particles 
of  any  body  were  agitated  with  this  motion  it  exhibited  the  phenomenon  of  heat,  or 
ignition  or  inflammability,  according  to  the  violence  of  the  motion. 
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er  whirls  exist  at  other  places  he  will  also  regard  them  as  objects, 
6  will  be  able  to  determine  their  positions  with  respect  to  each 

as  well  as  his  own  position  and  motion  with  respect  to  them,  so 
le  is  now  furnished  with  the  ideas  of  distance,  relative  position, 
notion.  For  the  sake  of  distinctness  we  may  assume  that  by 
means  he  is  able  to  see  these  whirlpools.  For  example,  they 
be  in  a  state  of  vibration,  and  may  propagate  waves  in  the 
im,  and  these  waves  may  excite  a  sense  appertaining  to  the 
,  which  for  the  present  we  shall  call  the  sense  of  sight.  Thus, 
though  at  a  distance,  he  can  now  detect  the  whirls  by  their  effect 
is  senses.  The  same  waves  may  also  affect  other  senses,  for 
pie  the  sense  of  heat,  or  they  may  not  affect  either  sense,  for 
may  be  too  long  or  too  short,  just  as  sound  waves  may  be  too 
3r  too  short  to  affect  the  sense  of  hearing. 

hus  a  person  situated  in  a  homogeneous  medium  might  not  be 
)  of  the  existence  of  the  medium,  but  he  might  be  aware  of 
n  parts  of  it  which  are  in  a  certain  state  of  motion,  and  on 
nt  of  this  motion  these  parts  might  appear  luminous  and  hot, 
x)6sess  many  other  properties  which  would  be  discovered  through 
ther  senses,  and  on  account  of  which  he  would  say  that  these 

were  objects,  or  bodies,  or  matter,  while  he  fails  to  recognise 
arts  of  the  medium  which  do  not  possess  this  kind  of  motion. 

to  him  certain  parts  of  space  would  appear  occupied  by  bodies 
the  remainder  would  seem  to  be  empty,  although  all  space  might 
ility  be  filled  with  a  medium,  one  part  of  which  differed  from 
ler  only  in  the  nature  of  its  motion. 

lie  motion  of  one  part  or  whirl  might  also  be  influenced  by  that 
le  others,  and  as  a  consequence  each  will  exert  certain  forces  on 
thers,  causing  them  to  move  towards  it  or  farther  away.  That 
ese  whirls  might  attract  or  repel  each  other  according  to  some 
determined  by  the  natiu-e  of  the  whirl.     By  the  very  motion, 

which  constitutes  these  objects,  they  would  be  endowed  with  a 
drty  analogous  to  gravitation. 

n  connection  with  this  part  of  the  subject  it  may  be  well  to  Attraction 
der  the  terms  attraction  and  repulsion  which  are  so  freely  used  repulsion. 
itural  philosophy.     If  two  objects  which  are  free  move  towards 

other  they  are  ordinarily  said  to  attract  each  other,  but  if  they 
5  away  from  each  other  they  are  said  to  repel  each  other.  When 
ay  the  earth  attracts  a  stone,  we  only  mean  that  a  stone  will 
B  towards  the  earth  when  let  go  at  any  point  above  its  surface, 
n  we  say  that  the  earth  attracts  the  stone,  we  do  not  explain 
motion  or  its  ultimate  causes,  we  merely  describe  it.     The  intro- 
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duction  of  a  new  word  is  very  satisfying  to  a  certain  class  of  mind, 
and  often  stops  further  inquiry.  There  are  many  who  are  quite 
satisfied  that  a  phenomenon  is  explained  when  it  has  received  a  name. 

To  exemplify  this,  let  us  consider  the  case  of  a  person  situated 
in  an  ocean  of  water  on  the  earth's  surface,  and  ignorant  of  the 
top  and  bottom,  and  let  this  person  be  furnished  with  a  number 
of  pieces  of  cork  and  also  a  nimiber  of  pieces  of  stone.  Then  if  he 
at  first  takes  a  piece  of  cork  and  a  piece  of  stone  simultaneously 
in  his  hand  and  lets  them  go,  he  observes  that  the  cork  flies  in 
one  direction  and  the  stone  in  the  opposite.  His  first  inference  is 
probably  that  the  cork  and  stone  repel  each  other.  He  now  takes  a 
piece  of  cork  by  itself,  and  he  finds  that  it  moves  in  the  same  direc- 
tion as  the  other  piece  of  cork,  and  similarly  any  piece  of  stone  will 
descend  after  the  other  without  a  piece  of  cork  being  near  it  He 
now  will  probably  begin  to  doubt  the  truth  of  his  first  surmise,  that 
cork  and  stone  repel  each  other.  For  he  has  found  that  the  cork  rises 
just  as  rapidly  whether  the  stone  be  near  it  or  not.  The  force  on  a 
piece  of  either  material  is  the  same  at  all  distances  from  the  other,  so 
that  the  law  of  force  on  each  of  them  is  independent  of  the  distance  or 
magnitude  of  the  other  l)ody.  He  will  probably  look  beyond  his  im- 
mediate surroundings  and  begin  to  speculate  in  the  wildest  manner, 
till  by  chance  he  becomes  acquainted  with  the  bottom  of  the  ocean. 
He  will  now  assert  that  the  bottom  is  the  vera  causa  of  the  motion, 
and  that  it  repels  cork  and  attracts  stone.  If,  however,  he  had  first 
become  acquainted  with  the  top  he  would  have  been  quite  satisfied 
that  the  top  attracted  the  cork  and  repelled  the  stone,  and  when  he 
knows  both  top  and  bottom  he  is  furnished  with  a  variety  of  alter- 
natives. He  may  say  that  the  top  attracts  the  cork  and  the  bottom 
attracts  the  stone,  or  that  the  top  repels  the  stone  and.  the  bottom 
repels  the  cork.  Probably  the  last  thing  which  will  strike  him  will 
be  that  the  top  and  bottom  may  be  without  influence  on  both  pieces 
of  matter,  and  that  these  bodies  may  also  be  without  direct  action  on 
each  other,  but  tliat  their  motion  in  all  cases  arises  from  the  immediate 
action  of  a  medium  in  which  they  are  immei-sed. 

60.  The  Vortex  Atom. — The  idea  that  motion  is  in  some  way  the 
basis  of  what  we  call  matter  is  an  old  one,  but  no  distinct  conceptions 
on  the  subject  were  formed  till  Helmholtz^  (1858)  developed  hi* 
investigations  in  fluid  motion.  In  this  celebrated  paper  it  was  shown 
that  the  rotating  parts  of  a  perfect,  incompressible  fluid,  in  which 
there  is  no  slipping,  maintain  their  identity  for  ever,  and  are  thus 
eternally  ditterentiated  from  the  non-rotating  parts.     Also  that  these 

1  Helmholtz,  Crellc,  1858;  Phil,  Mag.,  1867. 
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parts  are  arranged  either  in  endless  filaments  forming  closed 
>r  are  terminated  only  at  the  boundaries  of  the  fluid ;  and 
rtex  filaments,  as  they  are  called,  may  be  knotted  or  linked 
in  a  variety  of  ways.  Thus  if  we  treat  the  ether  as  a  perfect 
en  any  portion  of  it  in  vortex  motion 

ever  remain  so.  Such  motion  can  never 
ed  or  destroyed,  and  a  portion  of  the 
assessing  it  must  for  ever  remain  differ- 

from  the  rest.  A  vortex  filament  in 
r  will  thus  at  once  possess  the  character 
inence  demanded  for  matter.     It  will  be 

in  the  true  sense,  for  it  can  never  be 

The  ends  of  such  a  filament  cannot  ^'  '~  °    *""** 

cept  at  the  boundaries  of  the  ether,  which  is  supposed  to  fill 

vortex  atom  theory  of  matter  was  originated  by  Sir  William 
Q,^  soon  after  the  appearance  of  Helmholtz's  paper — in  fact 
tnessing  Professor  P.  G.  Tait's  beautiful  experiments  on  vortex 

«x   rings  are  formed  when  air  is  puffed  through  a  circular 
:  in  the  side  of  a  box.     The  smoke  rings  which  some  smokers 
»rt  in  making  are  also  fairly  good  examples, 
essor  Tait  conducted  his  experiments  with  the  simple  appa- 
^resented  in  Fig.  4.     It  consists  of  a  plain  wooden  box  with  a 
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Fig.  4.— Vortex  rings  in  pursuit. 

aperture,  6  or  8  inches  in  diameter,  in  one  end.  The  opposite 
the  box  is  removed  and  replaced  by  a  tightly  stretched  cloth 
I  of  india-rubber.  In  order  to  render  the  rings  visible  the  air 
box  must  be  impregnated  with  smoke  or  Une  particles  of  some 

matter  which  are  distinctly  visible.  For  this  purpose  the 
of  the  ]x)x  is  first  sprinkled  with  a  strong  solution  of  ammonia, 

iVilliam  Thomson,  Proc.  Hoy,  Sue.  Ed  in.,  1807. 

ni  Adninees  in  Physiatl  Science,  p.  290.     Some  interesting  experiments  on 

ngs  are  also  descrilied  by  Sir  li.  Ball,  Phil,  Mag.  vol.  xxxvi.  p.  1*2,  1868. 
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so  that  the  interior  becomes  filled  with  ammonia  gas.  Hydrochloric 
acid  gas  is  then  generated  in  the  box  by  simply  pouring  some  sul- 
phuric acid  into  a  saucer  containing  common  salt  The  hydrochloric 
acid  gas  unites  with  the  ammonia  and  forms  a  dense  cloud  of  small 
crystals  of  sal-ammoniac  in  the  air  within  the  box.  If  now  a  sadden 
blow  is  given  to  the  membrane  covering  the  end  of  the  box,  a  Yortez 
ring  issues  from  the  aperture  in  the  other  end  and  moves  forward 
through  the  room  like  a  solid  projectile.  When  two  such  rings  collide 
the}*^  rebound  and  vibrate,  in  consequence  of  the  shock,  like  bands  of , 
solid  india-rubber.  Vortex  rings  may,  however,  be  caused  to  vibrate 
without  impinging  on  one  another.  When  the  hole  is  circular  the 
rings  are  circular,  and  this  is  the  stable  form.  If  the  rings  deviate 
from  the  circular  form  they  will  vibrate  about  that  form  as  a  position 
of  equilibrium.  Hence  to  obtain  vibrating  rings  it  is  only  necessary 
to  make  the  aperture  through  which  they  are  discharged  elliptical,  or 
oval,  or  even  square. 

Another  curious  result  deduced  by  Helmholtz  in  his  paper  may 
also  be  shown  experimentally.  If  two  vortex  rings  be  moving  in  tiie 
same  direction  with  their  planes  perpendicular  to  the  line  joining  their 
centres,  the  piu*suer  contracts  and  accelerates  its  speed,  as  A  and  B, 
Fig.  4,  while  the  pursued  expands  in  diameter  and  diminishes  in 
speed,  so  that  the  hinder  one  ultimately  overtakes,  passes  through  the 
other,  and  takes  the  lead  (shown  at  A'B').  The  same  process  occurs 
again,  and  a  S3'stem  of  alternate  threading  is  kept  up.  If,  however, 
they  approach  each  other  from  opposite  directions,  both  decrease  in 
velocity  and  expand  indefinitely  in  diameter,  but  never  reach  each 
other.  One  behaves  to  the  other  as  its  image  in  a  plane  mirror,  and 
the  same  thing  happens  when  a  vortex  ring  moves  up  directly  towards 
a  plane  wall. 

As  any  ring  sails  through  the  room  it  is  not  only  the  particles  of 
sal-aramoniac  or  smoke  (which  merely  render  it  visible)  that  remain 
permanently  in  it.  The  air  forming  its  core  remains  the  same,  and  ^ 
the  very  ring  of  air  which  left  the  aperture  of  the  box.  In  fact,  " 
there  were  no  fluid  friction  the  ring  would  not  only  remain  perma- 
nently constituted  of  the  same  particles  of  air,  but  would  go  on  rotat- 

• 

ing  for  ever.  Once  created,  it  would  remain  eternal.  Vortex  rings  in 
a  perfect  non-viscous  fluid  thus  possess  the  essential  property  of  ind^" 
structibility  demanded  for  matter  by  chemistry,  and  in  such  a  fluid  i^ 
would  be  e(|ually  impossible  to  create  such  rings.  Theoretically  * 
vortex  filament  may  have  a  variety  of  different  shapes,  and  may  ^ 
knotted  or  looped  about  in  any  maimer.  In  practice,  however,  i^ 
seems  possible  only  to  form  rings  of  the  simple  circular  type.    A^ 
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aperture  has  not  yet  been  devised  which  will  allow  the  smoke  rings  to 
escape  in  a  knotted  or  looped  form. 

The  motion  of  the  air  in  the  ring  is  a  rotation  round  the  core  or 
central  line.  If  the  ring  be  looked  at  when  approaching  the  observer 
from  the  box,  then  the  particles  of  air  on  the  inner  edge  are  moving 
forward,  and  those  on  the  outside  edge  are  moving  backward,  from 
the  observer,  as  shown  in  Fig.  3. 

The  vortex  atom  has  at  first  sight  very  strong  recommendations  in  its  Claims  of 

favour.     It  possesses  act  once  many  of  the  essential  qualities  of  matter.  *^J 

It  is   indestructible  and  indivisible  while  its  strength  and  volume 

remain  constant,  although  its  diameter  may  vary,  and  if  two  rings  be 

linked  or  knotted  they  must  remain  so  for  ever.     Again,  a  vortex  ring, 

when  free  from  the  influence  of  others,  moves  rapidly  foi'ward  in  a 

right   line,   and   thus   possesses   kinetic   energy,   while   it   may  also 

vibrate  about  a  form  of  equilibrium,  and  in  this  way  give  rise  to  such 

wave  motions  in  the  ether  as  are  supposed  to  constitute  light  and 

radiant  heat.     The  theory  is  consequently  much  more  fundamental  in 

character  than  any  other,  since  it  merely  makes  use  of  a  postulated 

medium,  the  ether,  and  the  principles  of  hydrodynamics  to  explain 

the  properties  of  matter,   and  consequently  all   the  phenomena  of 

nature.      It   does   not   posit  hard  atoms   endowed  with    powers   of 

attraction  and  repulsion,  but  it  endeavours  to  follow  the  mechanism 

by  which  one  molecule  influences  another,  and  thus  gives  a  mental 

representation  of  the  actual  processes  in  action. 

The  development  of  the  subject  is  seriously  impeded  by  very 
formidable  mathematical  difficulties,  and  the  theory  is  as  yet* in  it« 
wifancy.  Only  some  of  the  simpler  problems  have  been  worked  out,^ 
and  we  cannot  tell  as  yet  whether  the  theory  will  survive  the  tests 
vhich  lie  before  it,  when  the  complete  mathematical  investigations 
*liall  have  been  worked  out,  and  the  results  compared  with  experi- 
Di«nt;  In  making  such  a  comparison,  however,  it  must  bo  kept  in 
Wew  that  the  experimental  work  will  deal  with  vortex  rings  formed 

• 

^  a  material  fluid,  such  as  air,  which  is  not  even  approximately 
perfect  in  the  sense  required  by  the  mathematical  investigation.  The 
*^ptability  of  the  theory  will  therefore  depend  on  the  assumed  pro- 
perties of  the  ether,  and  modifiaitions  found  necessary  by  future 
Investigation  need  not  overthrow  the  theory,  but  rather  lead  to  a 
wiowledge  of  the  necessary  properties  of  the  medium. - 

'  J.  J.  Thomson  on  Vortex  Rings :  Macmillan  and  Co.,  1883. 
2  Cf.  Tait,  Properties  of  MaUcr,  p.  21. 
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61.  Motion  the  Primary  Basis  of  all  Phenomena. — If  we  admit 
the  belief  which  lies  at  the  foundations  of  chemical  science,  namely, 
that  all  material  substances  are  built  up  of  simpler  substances  or 
elements,  which  may  combine  in  various  manners,  but  which  are 
unchangeable,  and  ever  retain  their  distinctive  properties,  we  are  led 
to  regard  all  changes  in  the  universe  as  ultimately  due  to  changes  in 
the  local  distribution,  or  state  of  aggregation,  of  elementary  matter, 
and  therefore  eventually  brought  about  through  motion.  If,  therefore, 
motion  be  the  primary  change  which  lies  at  the  basis  of  all  other 
changes,  the  final  aim  of  physical  science  must  be  to  determine  those 
movements  which  give  rise  to  all  other  phenomena,  and  trace  their 
origin  and  progress.  The  problem  thus  merges  itself  into  one  of 
dynamics,  and  all  the  various  so-called  forces  of  nature  must  he 
estimated  by  the  same  standard,  namely,  mechanical  force,  and  this, 
in  fact,  is  expressed  in  the  law  of  the  consen-ation  of  energy. 

62.  All  Motion  and  Energy  Relative. — In  speaking  of  motion  it 
must  always  be  borne  in  mind  that  all  estimation  of  it  is  necessarily 
relative,  and  for  this  reason  no  body  considered  by  itself  can  be  said 
to  be  cither  at  rest  or  in  motion.  When  we  say  a  body  is  at  rest,  or 
moves  uniformly  in  a  right  line,  the  estimation  is  made  relatively  to 
some  system  which  wc  arbitrarily  choose  as  fixed.  Force,  then,  which 
is  measured  by  the  rate  of  change  of  motion  (the  woitl  here  meaning 
momentum,  or  mass  multiplied  by  velocity)  is  also  relative,  and 
kinetic  energy  which  is  measured  by  half  the  product  of  the  mass 
and  the  square  of  the  velocity  is  also  relative  to  the  same  system- 
Energy,  then,  in  its  estimation  is  relative,  simply  because  velocity  is 
relative. 

When  we  spcc'ik  of  the  kinetic  energy  of  a  body  or  system,  we  always 
mean  the  energy  with  respect  to  some  other  chosen  system,  or  else 
we  mean  nothing  at  all.     This  relativity  of  energy  is  sometimes  lost 

82 


.  63  ON  ENERGY  83 

ht  of,  and  it  is  not  uncommon  to  find  the  kinetic  energy  of  a  body 
»ken  of  as  something  quite  independent  of  all  modes  of  calculation 
in  fact  as  an  objective  reality,  a  thing  existing  outside  our  senses, 
the  mass  of  a  body  is  commonly  regarded  to  be. 
Energy  is  again  often  stated  to  be  only  associated  with  matter,  so 
t  matter  has  been  defined  as  the  vehicle  of  energy ;  this,  however, 
8  not  hold  according  to  our  limitation  of  the  word  matter,  for  we 
>w  that  energy  in  immense  quantities  is  perpetually  passing  through 
3e  with  the  velocity  of  light  in  the  form  of  radiant  heat  and  light, 
that  it  exists  also  in  the  so-called  potential  state.  The  former 
ts  in  the  ether,  and  probably  also  the  latter. 
The  ether,  then,  is  the  great  vehicle  of  energy ;  and,  indeed,  it 
hiefiy  on  this  account  that  the  ether  has  been  postulated.  For 
sake  of  distinctness  we  have  agreed  not  to  regard  the  ether  as 
ter,  or  a  material  substance,  or  as  necessarily  possessing  the 
inctive  properties  of  matter,  but  choose  rather  to  take  it  as  a 
iamental  medium,  and  to  endeavour  to  explain  all  phenomena, 
ter  included,  by  means  of  it.  If  the  law  of  conservation  be  true, 
ever,  the  energy  in  an  isolated  system  is  objective  like  the  matter 
he  system  in  so  far  as  it  is  measured  relative  to  a  being  in  the 
em.  To  this  being  the  quantity  of  energy  will  be  definite  and 
itant.  It  cannot  increase  or  diminish,  except  by  communication 
1  or  to  the  regions  outside.  To  a  being  outside  the  system,  the 
gy  of  the  system  will  depend  altogether  on  the  standard  of 
rence,  and  the  question  then  arises  if  the  matter  of  the  system 
varies  to  that  being  in  a  similar  manner. 

It  will  consequently  be  of  prime  importance  to  examine  the 
ning  and  foundation  of  the  law  of  conservation  of  energy,  on  which 
nodem  physical  science  has  been  built. 

63.  Measure  of  Energy  and  the  Law  of  Conservation. — We 
roach  the  subject  of  energy  through  our  ideas  of  work,  or  sense  of 
rt.  When  a  weight  is  raised  from  the  surface  of  the  earth,  work 
aid  to  have  been  performed  or  energy  spent.  The  work  done  is 
portional  to  the  weight  and  to  the  height  through  which  it  is 
«d  conjointly,  and  the  measure  of  the  amount  of  work  done  or 
rgy  spent  is  accordingly  taken  equal  to  the  product  of  the 
ght  w  and  height  A,  or  wh.  Now  if  any  mass  falls  under  the 
ion  of  gravity  through  a  height  /<,  the  square  of  its  terminal 
ocity  will  be  t^  =  2gh,  so  that  hni^  =  wh,  where  m  is  the  mass  of  the 
Iv  and  w  is  equal  to  mg.  In  the  same  way  ^  if  the  mass  m  ))e  pro- 
It  shoald  be  carefully  noticed  that  the  equation  u:Ji  =  hmi^  is  not  a  new  relation 
fining  a  new  physical  law,  but  arises  entirely  from  our  definitions  of  work  and 
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jected  vertically  upwai-ds  with  a  velocity  v,  it  will  rise  to  a  height 
h  given  by  the  foregoing  equation,  so  that  the  initial  velocity  v 
possessed  by  the  mass  m  will  perform  the  work  necessary  to  raise  it 
to  a  height  h.  For  this  reiison  we  say  that  a  body  in  virtue  d  its 
velocity  can  do  work,  and  the  measure  of  this  work  is  ^mt^.  We 
consequently  say  it  possesses  energy  of  motion  or  kinetic  energy. 

Conversely  the  body  in  descending  through  a  height  /*  could  draw 
an  equal  mass  up  to  an  equal  height,  or  any  other  weight  to'  to  a 
height  h'  given  by  the  equation  wh  =  w'h\  so  that  a  body  in  virtue  of  its 
position  can  do  work,  and  this  we  call  energy  of  position  or  potential 
energy.  As  thus  measured,  the  two  energies  are  exactly  comple- 
mentary. In  the  case  of  a  body  falling  freely,  as  the  potential  energy 
diminishes  the  kinetic  increases,  and  their  sum  remains  constant  This 
is  the  simplest  case  of  conservation,  and  is  beautifully  illustrated  in  the 
common  pendulum.  At  the  highest  point  of  the  swing  the  velocity  ii 
zero,  and  the  kinetic  energy  vanishes.  Here  the  potential  energy  i* 
greatest,  but  as  the  pendulum  falls  the  ])oteutial  diminishes  and  the 
kinetic  incre^ises.  The  speed  of  the  falling  bob  increases  as  it  descends, 
and  at  the  lowest  point  it  possesses  a  velocity  sufficient  to  raise  it  to  its 
original  level ;  here  the  energy  is  all  kinetic  and  the  potential  vanishes. 
At  any  other  point  the  energy  is  partly  kinetic  and  partly  potential, 
but  their  sum  has  always  the  same  value.  If  A  be  the  height  above 
the  lowest  point  at  any  instant,  and  /•  the  velocity  of  the  bob,  then 
wh  +  hmv'  is  the  same  at  all  points  of  the  swing. 

The  same  oscillation  from  kinetic  to  potential  and  back  again 
occurs  in  the  planetary  system.  When  the  earth  is  farthest  from  the 
sun,  her  velocity  and  consequently  her  kinetic  energy  is  least,  but  in 
this  position  she  possesses  a  balancing  store  of  potential.  As  she 
rounds  the  farthest  i)oint  of  her  orbit  and  begins  to  approach  the 
sun,  she  acquires  increase  of  kinetic  at  the  expense  of  her  potential 
energy.  When  nearest  the  sun  her  velocity  is  greatest  and  her  potential 
energy  leiist.     As  she  rounds  this  nearest  point,  and  begins  to  retreat 

force,  and  their  mode  of  ineasuremeut.  Thus  force  is  measured  by  the  rate  of 
change  of  momentum,  or  for  a  body  of  given  mass  m 

and  work  is  defined  as  force  multiplied  by  distance  worked  through,  that  is  the 
space  integral  of  the  force.     Hence 

\V=  |F</s=  /  in  \ls=  I  m-^dv-  j  mvdv  =  ^mv^-^C. 

The  work  done,   therefore,  in  changing  the  velocity  of  a  body  from  r^  to  v  i^ 
i«iir*  -  Jmro^  and  this  follows  from  the  mode  of  measuring  force  and  work. 
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m  the  sun,  her  kinetic  energy  begins  to  diminish ;  it  is  used  up  in 
ing  the  work  necessary  to  withdraw  the  earth  against  the  powerful 
Taction  of  the  sun,  but  an  equivalent  is  always  stored  up  ready  for 
3,  full  tale,  without  loss,  but  still  without  gain.  Such  is  the  ebb 
d  flow  throughout  all  nature  of  the  visible  energy  of  the  universe, 
r  one  place  increasing  and  exhibiting  itself,  like  new  life  in  the  motion 
her  matter ;  at  another  diminishing,  disappearing,  becoming  latent, 
,  as  we  say,  potential,  leaving  the  matter,  at  least  as  visible  motion, 
(dilating  throughout  all  the  regions  of  space  from  potential  to  kinetic, 
d  from  kinetic  to  potential,  but  without  increase  or  diminution  of 
e  total  stock. 

Other  examples  of  stored-up  or  potential  energy  occur  in  a  wound-up 
ock,  a  bent  cross-bow  or  spring,  eta  The  work  done  in  winding  up 
clock  or  watch  is  stored  up  as  this  so-called  potential  energy,  and, 
iing  paid  out  gradually  to  the  machinery,  keeps  it  in  motion.  The 
lergy  spent  in  drawing  a  bow  reappears  again  in  the  kinetic  energy 
:  the  shaft  which  flies  from  it,  and  perhaps  it  is  in  some  very  similar 
anner  that  the  vast  stores  of  potential  energy  are  pent  up  in 
cplosives. 

Illustrations  of  the  principle  of  conservation  occur  in  all  the  ordi-  Illustra 
My  working  engines  and  mechanical  contrivances  to  facilitate  labour,  principle 
great  weight  may  be  raised  to  a  house-top  by  a  single  man  through 
le  means  of  a  system  of  pulleys,  or  a  large  mass  may  be  moved  by  a 
T6r ;  but  in  all  such  cases  the  work  done  by  the  man  is  undiminished 
f  the  use  of  the  engine.     It  merely  enables  one  man  to  do  a  piece 
I  work  which  it  might  have  required  ten  to  do  without  the  engine 
at  the  work  done  by  the  one  man,  measured  in  the  ordinary  way,  is 
ways  equal  in  quantity  to  that  done  by  the  ten  without  the  engine, 
his  general  principle  is  usually  stated   for  machines  in  the  form. 
What  is  gained  in  power  is  lost  in  speed." 

When  a  body  falls  freely  under  gravity  it  gains  velocity  or  kinetic 
wrgy.  During  its  descent,  however,  the  body  may  be  used  to  perform 
'ork,  to  raise  other  bodies,  or  to  put  them  in  motion — for  example,  to 
am  machinery.  This  takes  place  in  water-wheels  in  which  the  fall 
f  water  from  a  higher  to  a  lower  level  is  utilised  to  supply  the  motive- 
•^wer  of  mills.  In  the  case  of  overshot  wheels  the  water  escapes  over 
^e  top  of  the  wheel,  and  by  its  descent  keeps  the  wheel  in  rotation  ; 
^  the  case  of  undershot  wheels  the  water  escapes  below  the  wheel, 
^Qd  turns  the  wheel  by  impact.  The  machinery,  in  the  latter  case,  is 
^med  not  directly  by  the  fall  of.  the  water,  but  by  means  of  the 
>reTiou8ly  acquired  motion  of  the  water.  The  kinetic  energy  of  the 
^ater  is  directly  transferred  into  kinetic  energy  of  the  machinery,  and 
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this  may  be  converted  into  any  kind  of  work.  The  machinery,  for 
example,  may  be  employed  to  work  a  dynamo,  and  the  electric  current 
so  generated  may  drive  an  electric  motor,  which  may  be  used  to  raise 
weights  (or  perform  any  other  kind  of  work),  and  throughout  all  these 
various  transformations,  if  we  could  arrange  that  no  loss  would  occur, 
the  output  of  the  motor  would  be  equal  to  the  supply  advanced  to  the 
water-wheel.  The  motor  would  be  able  to  lift  all  the  water  back  to 
the  level  from  which  it  fell.  Another  variation  might  be  employed, 
which  would  embrace  other  forms  of  transformation ;  the  electric  cur- 
rent might  be  used  to  generate  heat  in  a  wire,  or  decompose  water, 
or  it  might  bo  distributed  in  any  way  to  drive  dynamos  and  light 
our  streets  and  houses.^ 

The  windmill  is,  like  the  undershot  wheel,  driven  by  impact  It 
derives  its  motion  from  the  motion  of  the  air ;  but  in  both  cases  the 
velocity  of  the  water  and  the  velocity  of  the  air  are  diminished.  The 
energy  of  motion  of  the  driving  material  (water  and  air  in  these  cases) 
is  diminished  by  an  amount  equal  to  that  gained  by  the  engine. 

The  output  of  such  an  engine  is,  however,  in  practice  always  less 
than  the  supply.  Thus  a  pendulum  once  started  to  swing  should 
go  on  swinging  for  ever,  but  in  practice  this  is  not  the  case.  The 
amplitude  of  the  swing  gradually  decreases,  and  finally  the  pendulum 
comes  to  rest.  It  gradually  loses  its  energy.  The  kinetic  energy  i^ 
possesses  at  the  lowest  point  of  its  swing  does  not  raise  it  to  quite  so 
high  a  level  as  that  from  which  it  fell.  One  cause  of  this  will  be  found 
in  the  air  in  which  the  pendulum  moves.  During  its  oscillation  the 
pendulum  is  continually  beating  the  air  away  in  front.  It  is  settuig 
the  air  around  in  motion,  and  consequently  losing  a  part  of  its  own 
motion,  so  that  the  kinetic  energy  at  the  lowest  point  becomes  leas  and 
less  every  swing,  till  it  is  finally  all  frittered  away.  If  there  were  no 
air  around  the  pendulum,  the  motion  would  still  gradually  subside 
from  another  cause.  This  arises  in  the  friction  at  the  supports.  I'* 
the  same  way  a  fly-wheel  turning  on  an  axle  gradually  loses  its  motion 
through  friction.  Heat,  we  know,  is  generated  by  friction,  and  the  heat 
produced  is,  by  Joule's  experiment,  equivalent  to  a  certain  amount  of 

^  In  1891  a  dynamo  driven  by  water-power  at  Lauffen  on  the  Neckar  gener»te<i 
an  electric  current,  which  was  conducted  to  the  Electrical  Elxhibition  at  Frankfort, 
over  100  miles  distant.  This  current  was  transfonned  at  Lauffen  from  one  of  lo^ 
to  one  of  high  electro-motive  force,  and  on  arriving  at  Frankfort  it  was  transfonneo 
back  again  to  one  of  low  electro-motive  force.  Part  of  it  was  then  used  to  illumintt* 
1200  arc-lamps,  and  the  remainder  was  employed  in  driving  a  pnmp,  which  raised 
water  from  the  mains  to  the  top  of  an  artificial  hill,  where  it  descended  as  a  witer- 
fall  on  the  Exhibition  grounds.  Thus  the  waterfall  at  Lauffen  was  rcprodaoed  io 
part  at  Frankfort,  the  cnergj'  being  transmitted  over  a  distance  of  108  miles,  md 
reappearing  after  several  transformations  in  its  initial  form. 


LET.  64  ON  ENERGY  87 

i^ork.  When  heat  is  produced  a  certain  amount  of  energy  must  be 
(pent  somewhere,  so  that  if  friction  occurs  in  any  part  of  a  machine 
iiere  is  a  loss  of  energy  there.  For  this  reason,  then,  the  fly-wheel 
^mes  to  rest.  Even  though  heat  were  not  produced,  electrification 
nay  be  produced,  and  this  would  use  up  part  of  the  energy,  and  the 
lystem  would  come  to  rest.  If,  however,  neither  heat  nor  electricity 
)e  produced,  the  energy  of  the  system  might  be  spent  in  processes  of 
prhich  we  have  no  cognisance.  It  might  be  gradually  radiated  into 
(pace,  so  that,  although  by  experiment  we  would  be  unable  to  account 
for  the  dissipation  of  the  energy  of  the  system,  yet  the  principle  of 
^nservation  might  be  trua  In  the  ^me  way  the  machinery  might 
receive  energy  from  the  vast  store  in  the  ether, ^  and  of  this  we  might 
bave  no  cognisance,  so  that  friction  might  occur  and  still  the  machinery 
go  on  for  ever.  We  should  then  have  a  kind  of  perpetual  motion,  but 
not  necessarily  a  violation  of  the  doctrine  of  conservation  of  energy. 
From  this  point  of  view,  the  principle  can  neither  be  proved  nor 
disproved  ;  it  must  for  ever  rest  on  accumulated  evidence. 

64.  Recapitulation. — In   recapitulation,  then,    we   see    that    an 
elevated  mass  can  do  work  by  sinking  to  a  lower  level,  and  that  it 
loses  its  capacity  for  doing  such  work  as  it  sinks,  that  is,  in  proportion 
u  the  work  is  actually  performed.     The  same  applies  to  springs  and 
elastic  bodies  in  a  state  of  compression  or  extension,  as  well  as  to 
moving  masses.     Heat  may  be   employed  to  do  work,  but  in  this 
process  an  equivalent  quantity  of  heat  is  destroyed.     Electric  currents 
may  be  used  to  do  work,  but  to  maintain  the  current  an  equivalent 
amount  of  work  must  be  spent.     Chemical  compounds  may  be  de- 
composed   by  the  expenditure  of  energy,  and  the  energy   may   be 
regained  by   recombination  of   the   elements.      Thus   the   universal 
characteristic    of    equivalence    and    convertibility     prevails     in     all 
mechanical,  electrical,  thermal,  and  chemical  forms  of  energy.     When 
*  quantity  of  any  form  is  spent,  an  equivalent  of  some  other  form,  or 
^orms,  is  produced. 

According  to  the  law  of  conservation,  the  universe  is  endowed  with 
a  store  of  energy  which,  through  all  the  varied  changes  of  natural  pro- 
cesses, can  neither  be  increased  nor  diminished,  but  which,  though  pass- 
ing through  ever-varying  phases  of  transformation,  is,  like  the  matter 
of  the  universe,  unchanging  in  quantity  from  eternity  to  eternity.  All 
changes  and  phenomena  are  due  simply  to  variations  in  its  mode  of 
appearance.      Here  we  find  one  portion  of  it  as  the  tis  viva  of  masses 

*  Take,  for  example,  the  storage  of  energy  by  plants  and  motion  of  the  radio- 
nieter.  These  operations  might  also  be  effected  by  waves  which  we  could  not  detect 
otherwise. 
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moving  as  a  whole,  or  as  the  vibration  of  their  parts,  and  there  we 
detect  another  in  the  ethereal  waves  which  produce  light  and  radiant 
heat ;  while,  on  the  other  hand,  we  locate  vast  quantities  of  it  in  the 
energy  of  position  of  large  masses,  or  of  their  constituent  molecules, 
under  the  names  potential  and  chemical  energies.  This  probably  is 
engaged  in  the  process  by  which  one  body  attracts  another  and  one  mole- 
cule another,  while  in  perhaps  some  similar  way  a  portion  is  distributed 
in  the  ether  around  magnets,  or  engaged  in  electrical  processes.  The 
principle,  as  it  now  stands,  has  come  to  be  by  far  the  most  fruitful 
generalisation  of  modem  physics,  and  its  truth  is  supported  by  every 
experiment  and  application  of  physical  principles.  There  is  no  depart- 
ment of  physical  science  with  which  it  does  not  deal  and  furnish  the 
investigator  with  an  engine  of  attack  of  the  most  powerful  character. 
65.  Historical. — The  first  clear  and  distinct  statement  of  the  law 
of  the  conservation  of  energy  in  its  general  form  was  published  in 
1842  by  Dr.  Julius  Robert  Mayer  ^  of  Heilbronn.  For  a  small  group 
of  phenomena  it  had  been  already  stated  by  Galileo  and  Newton,  and 
afterwards  more  definitely  by  D.  Bernoulli,  and  so  continued  recognised 
as  applicable  to  the  then  known  mechanical  processes.  Certain 
amplificiitions  were  from  time  to  time  introduced  by  such  men  as 
Eumford,  Davy,  Garnot,  Seguin,  and  Montgolfier,  and  it  is  probable 
that  more  than  one  of  these  philosophers  had  a  -strong  feeling  of  its 
peHect  generality,  but  feared  to  state  it  without  sufficient  expen- 
mental  evidence.  This  evidence  did  not  exist  when  Mayer  first 
published  his  general  statement/-  but  still  remained  to  be  deduced  in 
that  department  where  the  applicalnlity  of  the  law  appeared  most 
doubtful,  viz.  the  production  of  heat  from  work,  and  of  work  from 
heat.  While  Joule  and  Colding  independently  laboured  to  establish 
the  law,  Mayer  was  led  to  it  l)y  physiological  questions,  and  with  the 
greatest  clearness  grasped  the  principle  in  its  widest  generality. 
He  also  pointed  out  that  the  dynamical  equivalent  of  heat  was  » 
fundamental  constant  to  be  determined  by  experiment,  and  assuming 

^  Liebig's  AanaUn^  May  1842. 

^  Joule  says  :  "  Neither  in  Sogiiin's  writings,  nor  in  Mayer's  paper  of  1842,  were 
there  such  proofs  of  the  hyi>othesis  advanced  as  were  sufficient  to  cause  it  to  be 
admitted  into  science  without  further  inquiry.  I  believe  that  the  experiment 
attributed  to  Gay-Lussac  was  not  referred  to  by  Mayer  previously  to  the  year  1845. 
Mayer  appears  to  have  hastened  to  publish  his  views  for  the  express  purpose  of 
securing  priority.  He  did  not  wait  till  he  had  the  opportunity  of  supporttng  them 
by  facts.  My  course,  on  the  contrary,  was  to  publish  only  such  theories  as  I  hid 
established  by  cxi>eriuient8  calculated  to  commend  them  to  the  scientific  pablic, 
being  well  convinced  of  Sir  J.  Herschel's  remark  that  '  hasty  generalisation  is  the 
bane  of  science'"  (Joule,  Phil.  Mag.^  1864,  yaxt  ii.  p.  151  ;  see  also  1862,  partil 
p.  121).     Joule's  experiments  were  commenced  in  1840. 
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that  the  work  done  in  compressing  a  gas  is  the  equivalent  of  the  heat 
generated,  he  deduced  the  number  367  gr.  met.  from  the  values  of  the 
tvro  specific  heats  of  air  available  at  the  time  (see  p.  272).     With  regard 
to  this  method,  which  will  be  described  elsewhere  (p.  284),  it  may  be 
remarked  that  the  substance  operated  on  does  not  pass  through  a 
complete  cycle  of  changes ;  it  is  not  in  the  same  condition  at  the  end 
of  the  operation  as  at  the  beginning,  and  consequently  it  is  not  legiti- 
mate to  assume  that  the  heat  evolved  is  the  sole  effect  of  the  work 
spent  in  compressing  the  gas.     The  volume  is  changed,  and  it  is  quite 
impossible  to  say  a  priori  whether  this  change  may  not  involve  an 
expenditure  of  work  such  as  is  employed  in  winding  up  a  spring. 
Three  years  previously  (1839)  Seguin  had  given  expression  to  the 
same  ideas  regarding  the  equivalence  of  heat  and  work,  and  had 
obtained  the  value  369  by  a  similar  method,  and  it  appears  from  the 
last  edition  of  Camot's  works  that  at  least  before  1832  (the  date  of 
his  death)  this  distinguished  scientist  had  not  only  embraced  the 
dynamical  theory  of  heat,  but  had  planned  many  of  those  very   ex- 
periments by  which  Joule  subsequently  established  the  equivalence  of 
heat  and  work.     He  also  gave  an  estimation  of  this  equivalent  (370), 
probably  deduced  from  the  same  data  as  those  employed  by  Mayer. 
It  thus  appears  that  the  principle  of  equivalence  was  harboured  by 
nearly  all  the  great  scientific  thinkers  of  the  early  part  of  this  century, 
and  that  the  general  doctrine  of  the  conservation  of  energy  grew  in  a 
Qiore  or  less  gradual  manner  as  experience  became  more  and  more 
extended.      Great  service  was  undoubtedly  rendered  to  science   by 
Mayer's  distinct  and  comprehensive  statements,  but  at  the  time  he 
^e  these  statements.  Joule  was  conducting  his  experiments  on  the 
dynamical  equivalent  of  heat,  and  Colding  was  presenting  important 
papers  on  the  same  subject  to  the  Royal  Scientific  Society  of  Copen- 
hagen.    It  does  not  seem  just,  therefore,  to  assign  to  any  particular 
person  the  credit  of  establishing  the  general  principle,  or  to  regard  any 
particular  man  as  the  father  of  the  doctrine  of  the  conservation  of 
energy,  but  one  thing  is  certain,  namely,  that  Joule  was  the  first  to 
'JuAe  an  accurate  determination  of  the  dynamical  equivalent  of  heat, 
and  that  the  final  development  of  the  methods  of  applying  the  doctrine 
in  detail  to   the  problems  which   occur  in  the  science  of  heat  was 
^inly   due    to   the  simultaneous    work   of    Clausius,   Rankine,  and 
William  Thomson  between  1849  and  1851. 

Much  about  the  same  time  Helmholtz  independently  set  himself 
^0  work  out  the  principle  from  a  mathematical  point  of  view,  and 
showed  ^  that  the  energy  of  any  system  must  be  conserved  by  starting 

*  Helmholtz,  Erhaltung  der  Kraft,  1847. 
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with  Newton's  laws  of  motion,  and  the  supposition  that  matter  consisU 
of  particles  which  act  on  each  other  with  forces  directed  along  the  lines 
joining  them,  and  which  depend  only  on  the  distance. 
0  abso-  The  general  principle  of  the  conservation  of  energy  is  not^  how- 

te  proof,  g^gj.^  ^  Y}Q  proved  by  mathematical  formulae.  A  law  of  nature  must 
be  founded  on  experiment  and  observation,  and  the  general  agreement 
of  the  law  with  facts  leads  to  a  general  belief  in  its  probable  truth. 
Further,  the  conservation  of  energy  cannot  be  absolutely  proved  even 
by  experiment,  for  the  proof  of  a  law  requires  a  universal  experience. 
On  the  other  hand,  the  law  cannot  be  said  to  be  untrue,  even  though 
it  may  seem  to  be  contradicted  by  certain  experiments,  for  in  these 
cases  energy  may  be  dissipated  in  modes  of  which  we  are  as  yet 
unaware. 

66.  On  Potential  Energy  —  all  Energy  probably  Klnetie.— -It 
may  not  be  out  of  place  to  examine  here  the  meaning  of  the  term 
potential  energy.  When  a  body  is  projected  vertically  upwards  its 
velocity  gradually  decreases,  the  kinetic  energy  which  it  possessed  at 
the  beginning  of  the  flight  gradually  leaves  it  as  it  rises,  and  when  the 
body  reaches  its  highest  point  all  its  initial  energy  of  motion  has  dis- 
appeared. The  question  then  arises,  what  has  become  of  the  energy 
of  motion  of  the  body  ?  We  say  it  has  become  potential,  that  it  has 
become  patent  or  has  disappeared,  or  ceased  to  exist  as  visible  motion, 
or  that  it  has  been  used  up  in  raising  the  body  from  the  .earth.  This, 
however,  is  by  no  means  an  explanation  of  what  has  happened.  I^ 
teaches  us  nothing  further  as  to  the  process  in  operation  during 
motion.  Observation  shows  us  that  the  body  possesses  motion 
initially,  that  as  it  rises  the  motion  is  gradually  lost,  and  that  it  is 
gradually  regained  as  the  body  returns  to  earth.  The  word  potential 
energy  here  is  only  a  name  for  the  difference  between  the  initial 
kinetic  energy  of  the  body  when  starting  in  its  upward  flight,  and  that 
possessed  at  any  other  point  of  the  path.  This,  we  have  seen,  may 
be  represented  by  the  expression  wh,  where  w  is  the .  weight  of  the 
body  and  h  the  height  it  has  ascended.  In  the  same  way  the  potential 
energy  of  an  isolated  system  of  masses  in  any  configuration  merely 
denotes  the  difference  between  the  kinetic  energy  of  the  system  in  that 
configuration,  and  the  kinetic  energy  in  some  other  chosen  configura- 
tion (generally  chosen  as  that  of  maximum  kinetic  energy). 

The  question  still  remains,  what  becomes  of  the  motion  when  the 
kinetic  energy  of  a  system  diminishes  ?  Can  motion  ever  be  changed 
into  anything  else  than  motion  ?  If  we  assume  a  fundamental  medium 
whereby  to  explain  all  the  phenomena  of  nature,  then  the  properties  of 
this  medium  ought  to  remain  unchanged,  and  all  other  changes  must 
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>Uined  by  motion  of  the  medium.  Such  an  assumption  is  quite 
>phic,  and  the  method  of  procedure  is  certainly  scientific.  An 
t  reply  to  the  question  of  what  becomes  of  the  motion  of  a 
tile  rising  upwards  is  that  it  passes  into  the  ether.  The  first 
m1  property  of  the  ether  is  that  it  can  contain  and  convey  energy. 
is  no  apriori  reason,  then,  why  the  energy  of  motion  of  a  pro- 
as it  rises  upwards  shoidd  not  be  stored  up  as  energy  of  motion 

ether  between  the  body  and  the  earth,  or  elsewhere.  The' 
bion  from  kinetic  to  potential,  and  from  potential  to  kinetic,  in  Kinetic 
ae  of  the  pendulum  is  then,  from  this  point  of  view,  merely  "^^j" 
terchango  of  energy  of  motion  going  on  between  the  mass 
I  pendulum  and  the  ether  aiound  it.  According  to  this 
dl  energy  is  energy  of  motion,  and  must  be  measured  by  the 
ry  mechanical  standard.  The  work  we  do  in  lifting  a  body 
he  earth  is  spent  in  generating  motion  in  the  ether,  and  as  the 
alls  this  motion  passes  from  the  ether  to  the  body,  which  thus 
ea  velocity.  In  the  same  way,  the  work  spent  in  generating 
c  currents  and  electrifying  conductors  must  be  represented  as 
in  generating  motion  of  the  ether  around  the  electric  circuits 
inductors.  On  the  vortex  atom  theory  of  matter  this  view  is 
intelligible,  for  here  we  have  nothing  but  ether  and  motion  in 
iverse,  so  that  all  change  must  be  interchange  of  motion.  If 
I  passes  from  one  body  it  must  cither  pass  into  other  bodies  or 
ito  the  ether,  so  that  all  energy  ia  kinetic,  and  what  we  call 
ial  energy,  or  energy  of  position  of  a  system,  is  energy  of  motion 
ether,  which  has  left  the  system  and  become  located  in  the  ether, 
'hich  may  be  regained  by  the  system  from  the  ether.  The 
tion  of  energy,  then,  is  from  ether  to  matter,  and  from  matter  to 
and  on  this  oscillation  all  the  physical  life  of  the  universe  depends, 
rough  mental  picture  of  the  process  might  be  obtained  as 
J.  We  might  suppose  a  body  connected  to  the  earth  by  vortex 
its  in  the  ether,  which  would  replace  the  lines  of  force.  The 
s  spinning  round  these  lines,  and  when  the  body  ia  lifted  from  the 
the  work  done  is  expended  in  increasing  the  length  of  the  vortex 
Its.  The  work  ia  thus  being  stored  up  as  energy  of  motion  of 
tier,  and  when  the  body  falls  to  earth  the  vortex  hncs  diminish  in 
,  and  their  energy  of  motion  passes  irUo  the  botly  and  is  repre- 

by  the  kinetic  energy  of  the  mass. 

.  Perpetual  Motion — Indestructibility  of  Hatter. — The  object 
perpetual-motion ists  was  to  construct  an  engine  which  would  work 
ually  without  the  aid  of  any  external  dri\-ing  force — an  engine 
would  do  work  without  fuel  or  any  other  supply  of  energy.     The 
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solution  of  this  problem  promised  enormous  gains,  and  bid  fair  to  replace 
the  gold-hunting  operations  of  the  alchemists.  Work  is  wealth,  and  a 
machine  which  could  work  without  fuel  would  prove  as  profitable  a 
possession  as  the  philosopher's  stone.  The  possibility  of  perpetual 
motion  in  this  sense,  viz.  the  creation  of  energy,  is  opposed  to  the  law 
of  conservation  of  energy,  which  is  now  universally  accepted  as  the 
foundation  of  physical  science.  Still  it  would  be  quite  consistent  with 
this  law  to  construct  an  engine  which  would  go  on  working  without 
expense  to  the  owner,  other  than  the  wear  and  tear  of  the  machi^e^}^ 
An  actual  example  of  such  an  engine  is  a  water-wheel.  Here  the 
driving  power  costs  nothing,  except  there  be  a  river  tax ;  it  comes 
indirectly  from  our  great  reservoir,  the  sun.  In  the  same  way,  on  a 
small  scale,  Crookes's  Eadiometer  is  more  directly  driven  by  the  heat 
of  the  sun,  and  there  is  no  a  lyriari  reason  why  the  ingenuity  of  man 
should  not  utilise  the  vast  stores  of  energy  which  are  located  in  the 
ether,  and  ever  traversing  it,  to  drive  his  engines. 

So  also,  if  matter  be  vortex  motion  in  the  ether,  it  is  not  impossible 
that  the  constitution  of  the  ether  may  be  such  that  the  very  motion 
which  constitutes  matter  may  in  time  be  used  to  serve  the  purposes  of 
man.  Matter,  in  fact,  may  not  be  indestructible  or  uncreatable,  and 
man  may  yet  discover  the  means  of  so  directing  the  motions  already 
existing  in  the  ether,  that  any  one  kind  of  motion  may  be  converted  into 
any  other  at  will,  and  still  the  law  of  conservation  may  hold  throughout 
Such  speculations  are,  perhaps,  visionary,  but  still  they  are  not  out  of 
place,  for  they  tend  to  overthrow  dogma  as  to  what  must  or  must  not 
happen.  If  the  ether  fills  the  universe,  and  if  it  contains  energy 
throughout,  then  the  store  is  infinite  ;  and  with  this  infinite  store  at 
our  disposal  what  may  not  be  possible  when  we  discover  the  means 
of  using  it  ? 

Indicator  Diagrams 

68.  Graphic   Representation   of  the   State  of  a  Substance.-^ 

An  exceedingly  fertile  and  lucid  method  of  treating  nmny  physical 
problems  was  introduced  by  Watt,  the  celebrated  improver  of  the 
steam-engine,  and  is  known  as  the  graphic  method.  This  consists  i" 
representing  the  pressure  and  volume  of  a  substance  by  the  co-ordinates 
of  a  point,  so  that  each  point  in  the  plane  of  the  figiu^  corresponds  to 
a  definite  pressure  and  volume,  and  therefore  represents  a  definite 
condition  of  the  substance.  The  state  of  the  substance  may,  therefore, 
be  said  to  be  determined  or  represented  by  the  position  of  the  corre- 
sponding point  in  the  diagram.  The  method  was  devised  by  Watt  for 
the  purpose  of  determining  the  work  done  by  a  steam-engine,  and  it 
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till  employed  for  that  and  similar  purposes.     Subsequently  Clapey- 

employed  it  to  interpret  the  work  of  Camot,  and  it  has  since  been 
»pted  and  used  with  great  advantage  in  every  branch  of  science, 
eciaUy  in  the  domain  of  thermodynamics,  where  it  often  proves 
tlf  easily  intelligible  to  those  who  cannot  follow  the  more  compli- 
ed analytical  investigations. 

Let  OX  and  OY  (Fig.  5)  be  two  fixed  rectangular  lines  chosen  as 
«  of  reference ;  then  the  distances  OA'  and  AA'  of  any  point  A 
tn   these  lines  completely  deter-    Y 
16   the   position  of  A.      These 
tances  are  termed  the  co-ordin- 
s  of  the  point,  and  when  they 
known    the   point  A   can   be 
nd. 

Hence,  if  pressures  are  meas- 
d  parallel  to  OY  and  volumes 
•allel  to  OX,  so  that  AA'  represents  the  pressure  of  a  substance  and 
L'  its  volume  (per  unit  mass),  then  the  position  of  A  on  the  figiu'e 
iresents  the  state  of  the  substance  as  regards  pressure  and  volume, 
ery  position  of  A  corresponds  to  a  definite  condition  of  the  sub- 
Lnce,  for  when  the  pressure  and  volume  are  known  the  temperature 

in  general  completely  determined.  Sometimes,  however,  two  or 
Dre  different  temperatures  may  be  possible  at  the  same  pressure  and 
»lume,  as  happens  in  the  case  of  water  for  an  interval  above  4°  C, 
Jtweeu  4''  and  0°,  and  below  0°  C.  To  represent  the  state  of  the 
ibstance  completely  then,  it  is  only  necessary  to  erect  a  perpendicular 
i  A  to  the  plane  of  the  figure,  and  to  measure  off  along  this  per- 
sudicular  a  length  representing  the  temperature  (or  lengths  represent-  Charac- 
tg  the  temperatures)  corresponding  to  A,  and  as  A  moves  about  over  g^^f^ce 
le  plane  the  extremity  of  the  perpendicular  will  describe  a  surface  in 
pace  which  will  represent  the  characteristics  of  the  substance,  every 
oint  on  the  surface  corresponding  to  a  definite  condition  of  the  sub- 
^nce.  Thus,  if  the  characteristic  equation  connecting  the  pressure, 
olume,  and  temperature  be  /( p,  r,  6)  =  0,  then  this  will  be  the 
<luation  of  the  foregoing  surface,  and  p^  r,  6  will  be  the  rectangular 
^rdinates  of  any  point  on  it. 

Returning,  however,  to  the  case  of  two  rectangular  axes  :  if  we 
appose  A  to  move  along  any  curve  AB,  this  will  represent  that  the 
ibstance  passes  from  A  to  B  through  a  perfectly  definite  series  of 
onditions,  the  pressure  and  volume  in  each  condition  being  represented 
*y  the  co-ordinates  of  the  corresponding  point  on  the  curve  AB.  In 
:eneral,  the  temperature  corresponding  to  any  point  will  vary  from 
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point  to  point,  so  that  in  order  to  effect  the  transformation  indicated 
by  the  curve  A6  heat  must  be  supplied  to,  or  taken  from,  the  body,  as 
it  passes  from  point  to  point  of  the  curve,  in  a  manner  which  becomes 
completely  determined  when  the  nature  of  the  curve  is  known.  It 
may  of  course  happen  that  the  temperature  of  the  substance  remains 
constant  throughout  the  transformation,  and  in  this  case  the  carve  AB 
is  termed  an  isotheiinol  line,  and  a  transformation  may  also  be  such 
that  heat  is  neither  added  to,  nor  taken  from,  the  substance  at  any 
stage  of  the  process,  and  in  this  case  the  transformation  is  said  to  be 
adiabatic,  and  the  curve  is  called  an  adiabatic  line. 

69.  Graphic  Representation  of  Work. — When  a  substance  passes 
from  the  condition  A  (Fig.  5)  to  the  condition  B  its  volume  has  in- 
creased by  an  amount  A'B',  and,  as  it  has  been  imder  pressure  (varying 
accoi*ding  to  a  definite  law)  throughout  the  transformation,  it  follows 
that  work  has  been  done  by  the  body  in  expanding  against  this  external 
pressure.     This  is  termed  the  external  work,  and  it  is  easy  to  show  that 
it  is  represented  by  the  area  ABB'A',  included  between  the  curve  AB, 
the  axis  OX,  and  the  ordinates  AA'  and  BB'.     For  this  purpose  let  us 
take  the  case  of  a  substance,  say  a  gas,  enclosed  within  a  cyHnder 
which  is  closed  by  a  piston  of  area  A     Let  p  be  the  pressure  (per 
unit  area),  and  let  us  suppose  this  remains  constant  while  the  piston  is 
drawn  out  a  distance  x  (which  we  can  suppose  as  small  as  we  like). 
The  whole  pressure  on  the  piston  is  ^A  and  the  work  done  is  therefore 
pAx,  but  A.r  is  the  change  of  volume,  so  that  if  we  denote  it  by  rff, 
the  work  done  by  the  substance  in  expanding  by  an  amount  (fr  will 
he  pdv.     Referring  again  to  Fig.  n,  we  see  that  if  the  substance  passes 
from  M  to  an  adjacent  point  N,  the  volume  changes  by  an  amount 
M'N'  =  dr,  and  that  the  external  work  pciv  is  consequently  represented 
by  the  narrow  strip  of  area  AIXN'M'.     Hence  the  whole  work  done  in 
passing  from  A  to  B  is  represented  by  the  area  ABB'A' — that  is, 

W  =  arca  ABB'A'  =  /}xfr. 

If  the  ecjuation  of  the  curve  be  given,  p  can  be  expressed  as  a 
function  of  r,  and  the  integral  expressing  the  area  ABB'A'  may  be 
evaluated. 

The  external  work  done  while  a  substance  passes  from  any  state  A 
to  any  other  state  B  dej)ends,  therefore,  not  only  on  the  positions  of 
these  points,  but  also  on  the  nature  of  the  curve  AB,  along  which  the 
transformation  takes  place.  Hence,  if  a  substance  be  caused  to  pass 
from  A  to  B  along  the  path  AMB  (Fig.  6),  an  amount  of  work 
represented  by  AMBB'A'  will  be  done  by  the  substance  while  it 
expands,  and  if  it  be  caused  to  return  from  B  to  A  along  a  different 
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Fig.  0. 


BNA,  an  amount  of  work  represented  by  the  area  BNAA'B'  will  Closed 
ne  on  it  by  compression,  so  that  throughout  the  whole  operation,  ^^ 

the  substance  passes  round  the  complete  cycle  AMBNA,  a 
ity  of  work  represented  by 
rea  of  the  cycle  is  done  by 
(ubstance.  If,  on  the  other 
the  substance  had  passed 
I  the  cycle  in  the  opposite 
;ion  ANBMA,  the  work  re- 
nted by  the  area  of  the  cycle 
i    have    been    done    on    the 

ance,    for  in  this  case    the   expansion  takes   place  along  ANB 
3  lower  pressures  and  the  compression  is  effected  at  the  higher. 
e  have  thus  the  general  result  that  if  a  substance  be  made  to 
through  any  complete  cycle  of  operations,  returning  to  its  initial 
tion,  80  that  the  indicator  diagram  is  a  closed  curve,  the  external 

done  is  represented  by  the  area  of  the  cycle,  and  is  done  by,  or 
lie  body  according  to  the  direction  in  which  the  cycle  is  desciibed. 
e  direction  of  motion  opposite  to  that  of  the  hands  of  a  watch  be 
1  as  positive,  while  the  opposite  is  considered  negative,  then  when 
cle  is  described  in  the  positive  direction  a  positive  quantity  of 
,  represented  by  the  area,  of  the  cycle,  is  done  on  the  substance  ; 
f  it  be  described  in  the  negative  direction  a  negative  quantity  of 
:,  represented  by  the  same  area,  will  have  been  done  on  the 
tance,  negative  work  done  on  the  substance  being  merely  work 

by  it. 

"he  first  law  of  thermodynamics  informs  us  now  that  when  a 
tance  passes  through  any  closed  cycle  of  transformations,  and 
ms  again  to  its  initial  state,  the  area  of  the  cycle  is  the  mechanical 
valent  of  the  heat  evolved  or  absorbed  by  the  substance  during 
process.  It  is  very  important  to  notice,  however,  that  when  the 
e  is  not  closed,  so  that  the  body  has  not  returned  to  its  initial 
lition  A,  but  is  in  some  other  state  B,  then  the  heat  supplied  to 
body  is  not  the  equivalent  of  the  external  work  done,  but  is  used 
partly  in  doing  this  work  and  partly  in  altering  the  thermal 
iition  of  the  substance.  When  the  cycle  is  completed  the  ]x)dy  has 
irned  to  its  initial  condition,  and  for  this  reason  the  external  work 
in  this  case,  the  equivalent  of  the  heat  supplied  during  the  cycle. 
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ExampUs 


1.  Show  that  the  isothermal  Hues  for  a  perfect  gas  are  a  system  of  rect 
hyperbolas. 

(The  equation  of  any  isothermal  will  be  |7r= constant,  and  this  is  the  eqn 
a  rectangular  hyperbola  liaving  the  axes  of  reference  for  asymptotes.) 

2.  In  the  case  of  a  gas  i)rove  that  the  isotliermal  elasticity  is  equal  to  the  p 
(The  elasticity  of  a  substance  is  the  reciprocal  of  its  compressibility,  i 

latter  is  the  change  of  volume,   per  unit  volume,  for  unit  increase  of  i 

Hcuce,  if  a  volume  v  changes  by  an  amount  dv  for  increase  of  pressure  dp ; 

1  dv 
area,  the  change  per  unit  volume  for  unit  increase  of  pressure  will  be  -~  j~. 

the  elasticity  will  be 

dp 

dv' 

This  quantity,  and  therefore  the  elasticity  of  a  substance  in  a  given  stat 
definite,  unless  we  8})ecify  the  |>articular  transformation  which  it  is  suppose 
undergoing.      Now  for   the   isothermal  changes  of  a  gas  />v  =  constant,  t 


^P 


dp 


3.  If  a  tangent  drawn  to  an  indicator  curve  at  any  point  P  (Fig.  7)  m 
axis  of  pressure  at  L,  and  if  M  be  the  foot  of  the  pcri)endicular  from  P  on  t 
axis,  sliow  tliat  the  elasticity  of  the  substance  at  the  ))oint  P  of  the  transfo 
is  represented  by  LM. 

(We  have  LM--MP  tan  LPM  =  v  ton  LPM=  -«^  .*.,  etc. 

Since  the  intercept  made  by  the  asymptotes  on  any  tongent  to  a  hype 

bisected  at  the  point  of  contact,  it 
that  LM  =  MO  in  the  case  of  a  gti£ 
an   isothermal  transformation ;   or 
thermal  elasticity  of  a  gas  is  equa 
l)ressure.) 

4.  Prove  that  the  adiabatic  hi 
substonce,  in  which  compression 
increase  of  temperature,  are  steeper  I 
isothermal  lines. 

(For  a  given  value  of  dv  the 
of    pressure    dp   will    be   greater 
adiabatic  transformation  than  for 
thermal,  on  account  of  the  increase  of  teun»erature,  and  therefore  LM  will  be| 


.0. 


Assuming  the  adiabatic  equation  of  a  gas  to  be 


y//'>—  cons  ton  t, 

j)r()ve  that  the  adialmtic  elasticity  is  yp,  and  hence  that  7  is  the  ratio  of  the  a 
to  the  isotliermal  elasticity. 

G.  [Assuming  the  law  of  equal  partition  of  energy,  deduce  Avogadro*s  law 
to  gases  at  the  same  teniporaturc  and  pressure. 

If  two  gases  are  at  the  same  tempiu'ature,  the  law  of  equal  partition  ol 
states  (Art.  ;">())  that  the  mean  molecular  kinetic  energies  are  equal,  therefor 


But  if  the  pressures  are  also  equal,  we  have  (Art.  55) 
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ifore 

'  two  gases  are  cU  the  same  pressure  and  temperature^  the  number  of  tnolecides  in 

volume  is  the  same  for  both, 

.  From  the  same  assumption,  dedace  Gay-Lussac's  law. 

fwe  put  Pi  =  77i|t4  and  p^=m^n^  for  the  densities  of  the  two  gases,  then,  since 

n^  we  get 

Pi  :p2=mi  :W2 

ie  densities  of  two  gases  at  the  same  temperature  and  pressure  are  proportional  to 

tosses  of  their  individual  molecules. 

See  Maxwell's  Theory  of  Heat,  p.  316.)] 

0.  Mean  Kinetic  Energy  of  a  Syitem  of  Material  Particles  in  Stationary 

on. — When  the  velocity  of  a  point  fluctuates  hetween  certain  limits  while  the 

t  oscillates  about  a  mean  position,  the  motion  is  said  to  be  stationary.     All 

>dic  motions,  such  as  the  vibrations  of  an  elastic  solid,  are  of  this  kind,  and  such 

is  supposed  to  be  the  molecular  motion  of  a  body  which  constitutes  its  heat. 

n  Art.  55  we  considered  the  behaviour  of  a  S3rstem,  of  molecules  so  thinly 

iered  that  their  mutual  influence  might  be  neglected  ;  we  shall  now  consider  the 

in  which  the  molecules  are  close  to  each  other,  and  within  the  sphere  of  each 

r's  attraction. 

^t  the  co-ordinates  of  any  molecule  ^  be  Xf  ?/,  z,  and  let  the  component  forces 

dPx 
t  parallel  to  these  axes  be  X,  Y,  Z.     Then  m^  =X. 

\nt  by  differentiation  we  find 

ice 

Hrf^J  "^"^   dp    -^''^' 
mean  value  of  the  left-hand  member  during  any  time  t  will  be 

;/;(t)'-rs?-r-^').]4,/> 


27 


■  two  terms  involving  the  sij^n  of  integration  in  this  equation  are  the  mean 
les  of  the  quantities  under  this  sign,  during  the  time  t.  For  periodic  motions  t 
^  be  taken  the  periodic  time,  and  in  this  case  the  first  term  of  the  right-hand 

nber  of  the  e<[uation  will  vanish,  for   -^  will  have  the  same  value  at  the  begin- 

g  and  end  of  a  complete  period.     We  shall  then  have 

/d.r\' 
mean  value  of  ^wtf   ^    )  =  -  mean  value  of  ^jX. 

For  irregular  motions  such  as  those  which  occur  in  gases  and  liquids,  we  need 

rmppose  t  large  compared  with  the  time  that  a  molecule  moves  steadily  in  the 

le  direction.     The  term  within  the  square  bracket  will  vary  within  certain  limits  ; 

»s  it  is  divided  by  t,  it  follows  that  when  /  is  large  this  term  becomes  negligible. 

same  reasoning  applies  to  the  motions  parallel  to  the  axes  of  y  and  z,  so  that 


^  Claiisius,  Phil.  Mmj.,  Au<;ust  1870. 

H 
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wc  have 

mean  of  i2?nM  ^^j  "^(sF)  +  (  ^^  )  J  =  "  mean  of  i2(icX  + //Y  +  ::Z), 

or 

mean  of  i2(mV-)=  -mean  of  iS(^X  +  yY  +  cZ). 

This  mean  vahie  has  been  termed  by  Clausius  the  virial  of  the  system,  and  this 
theorem  may  therefore  be  stated  in  the  form  **  the  mean  kinetic  energy  of  the  system 
is  equal  to  its  virial." 

Cor.  1.  If  the  force  between  two  particles  be  4>(r)  a  function  of  the  distance  r 
between  them,  then  if  ar,  y,  z  and  jc\  y\  z'  be  the  co-ordinates  of  the  particles,  we 
have  for  one 

with  equal  and  opjwsite  values  of  X,  Y,  and  Z  for  the  other,  therefore 

X^  +  X'y  =  X{^-  -  y )  =  4>{ri'^~^, 
with  corresponding  expressions  for  the  other  two  co-ordinates,  so  that 

■  4S(rX  +  2/Y  +  3Z)  =  42r^(r). 

Cor.  2.  In  the  case  of  a  ^as  enclosed  in  a  vessel  a  uniform  normal  external 
pressure  />  exists  all  over  the  surface  of  the  mass,  and  the  virial  of  this  will  be 

4  pfj'dydz  +  i  pjydzdx  +  \  pjzdrdy  =  f pv, 

where  v  is  the  volume  of  the  jras. 
Hence  in  this  case  we  have 

or 

(.'onsequently  if  the  molecules  are  out  of  the  s]>here  of  each  other's  attraction,  that 
is,  if  0(r)  =  O,  the  product  of  the  pressure  and  volume  will  be  equal  to  two-thirds ol 
the  mean  kinetic  energy  of  the  molecules  :  but  if  the  molecules  are  within  the 
sphere  of  each  other's  attraction,  the  effect  is  to  diminish  the  product  ;«»  b}'  *" 
amount  equal  to  two-thirds  of  the  virial  of  the  intermolecular  forces.  Hence,  when 
a  gas  is  compressed  it  is  anticipated  that  the  product  pv  will  vary  and  not  reni»u* 
constant  at  constant  temperature.  The  experimental  investigations  on  this  po^"^ 
will  be  considere<l  later  on  (see  Art.  248\ 
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SECTION    I 


LIQUID   THERMOMETERS 


71.   Discontinuous  Thermoscopes. — A  thermoscope  is  an  instru- 

ttent  for  indicating  relative  temperatures,  and  its  indications  may  be 

ither  continuous  or  discontinuous  according  to  the  property  of  matter 

tmployed.     In  continuous  thermoscopes  a  property  of  matter  which 

varies  continuously  is  made  use  of,  such  as  change  of  volume  with 

leat,  and  the  indications  of  discontinuous  thermoscopes  depend  on  the 

employment  of  some  abinipt  change  of  state,  such  as  fusion.     Any 

substance  acts  as  a  thermoscope,  solids  for  a  single  temperature  and 

liquids  for  two  temperatures.     Thus  a  piece  of  paraffin  wax  immersed 

in  a  bath  will  indicate  whether  the  temperature  of  the  bath  is  above 

or  below  the  temperature  of  fusion  of  the  wax,  and  by  this  means  we 

could  separate  a  series  of  given  temperatures  into  two  sets,  those 

higher  than  the  melting  point  of  the  wax  and  those  lower.     In  the 

same  way  a  piece  of  butter  will  tell  us  whether  the  temperature  of  a 

room  is  higher  or  lower  than  the  melting  point  of  butter.     A  liquid 

gives  us  more  information ;  it  tells  us  whether  a  temperature  is  higher 

or  lower  than  either  the  boiling  point  or  the  freezing  point  of  the 

lifjuid.     The  water  in  a  basin  not  only  tells  us  that  the  temperature 

of  the  room  is  higher  than  the  freezing  point  of  water,  but  also  that 

^^  is  lower  than   the  temperature  of   boiling.      It   thus  places  the 

temperature  of  the  room  between  two  others,  which  are  definite  and 

recoverable. 

If  an  instrument  merely  indicates  whether  the  temperature  of  a 
Wy  to  which  it  is  applied  is  higher  or  lower  than  a  single  definite 
temperature,  it  is  called  a  single  intrinsic  thermoscope,  because  its 
^^dication  depends  upon  some  intrinsic  q^uality  of  the  instrument, 
^e  paraffin  wax   referred  to  is  a  single  intrinsic  thermoscope,  the 

■ 

^ngle  temperature  being  its  melting  point,  and  the  intrinsic  quality 
tne  property  of  melting  always  at  this  definite  temperature. 

A  multiple    discontinuous    intrinsic    thennoscope   shows   several 

101 
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definite  'temperatures,  or  indicates  whether  the  temperature  of  any 
body  to  which  it  is  applied  lies  between  any  pair  of  these  temperatures. 
Such  an  instrument  may  be  constructed  by  preparing  a  system  of 
metallic  alloys  or  other  substances  arranged  and  numbered  in  the 
order  of  their  melting  points,  and  a  multiple  intrinsic  thermoscope  has 
l>een  constructed  on  this  plan  in  a  form  convenient  for  use  by  Mr. 
J.  J.  Coleman.^  It  consists  of  a  set  of  paraffins  which  melt  at  definite 
temperatures  between  40^  and  100''  F.,  and  mixtures  of  glycerine^ 
and  water  which  freeze  at  temperatures  from  SO*"  to  -  35""  F.  By 
multiplying  the  number  of  substances  in  such  an  instrument  the 
consecutive  definite  temperatures  which  it  indicates  may  be  made  to 
approach  each  other  closer  and  closer.  Ideally  the  system  may  be 
made  nearly  continuous  by  making  a  system  of  alloys  with  fine 
enough  gradation  of  composition,  but  the  method  is  essentially 
discontinuous. 

72.  Continuous  Thermoscopes  and  Thermometers. — ^A  thermo- 
scope becomes  continuous  in  its  indications  when  the  property  of 
matter  employed  varies  continuously  with  temperature.  When  such  an 
instrument  is  properly  graduated  according  to  some  arranged  scale,  it 
not  only  indicates  whether  the  temperature  of  a  body  to  which  it  is 
applied  is  higher  or  lower  than  some  definite  temperature,  but  it  also 
informs  us  how  much  it  is  higher  or  lower,  according  to  the  chosen 
scale.  In  this  case  the  instrument  l>ecomes  not  merely  an  indicator, 
but  also  a  measurer  of  temperatures,  and  is  termed  a  thermometer. 
In  selecting  a  system  of  thermometry,  any  physical  property  of  matter 
which  varies  continuously  with  heating  might  be  chosen.     We  have 

^  J.  J.  Coleman,  Proc.  Phil.  Soc.  Glasgow,  1884,  vol.  xv.  p.  94. 

2  Glycorino  when  pure  crystallises  a  little  below  C  C,  but  when  mixed  with  a 
little  water  its  freezing  point  is  about  40^  C.  below  zero,  and  the  solidification  here 
is  not  of  a  crystalline  but  of  a  buttery  nature.  IJy  varying  the  quantity  of  water 
the  freezing  iw^int  may  be  varied  at  pleasure. 

A  discontinuous  intrinsic  thcmioscope  for  the  measurement  of  high  temperatures 
was  proposed  by  Prinsep  {Phi/.  Trans.,  1828,  p.  79).  He  formed  a  series  of  definite 
percentage  alloys  of  silver  and  gold,  and  of  ]>latinum  and  gold.  These  alloys  gave  a 
series  of  fixed  temperatures  between  the  melting  points  of  silver  and  gold  and  of  gold 
and  platinum.  An  observation  is  taken  by  exposing  in  a  small  cupel  a  set  of  small 
flattened  specimens  of  the  alloys,  not  necessarily  larger  than  pin-heads,  and  noticing 
which  of  them  are  fused.  The  temperatures  of  fusion  of  these  alloys  have  been 
determiueil  by  Krhard  and  Sliertel  by  a  porcelain-air-thermometer  {Jahrb,  fUr  das 
Berg-xDul-IIiUtni-  IVfsca  in  Sarhscn,  1879).  An  objection  has  been  raised  to  Prinsep's 
alloys  on  the  ground  of  silver  taking  up  oxygen  at  high  temperatures  and  ejecting  it 
again  on  cooling,  which  renders  it  inadvisable  to  use  the  same  specimen  twice. 

A  similar  method  has  been  employed  by  Carnelley  and  Carleton  Williams 
(Chrm.  Sf>c.  Jwrnal,  1S76,  1877,  1878\  in  which  metallic  salts  with  high  fusing 
points  were  used  instead  of  alloys.  The  fusing  points  were  initially  determined  by 
the  calorimetric  method. 
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klready  described  how  temperature  may  be  defined  and  measured  by 
ibe  apparent  volume  of  mercury  enclosed  in  a  glass  vessel  (p.  17).  If 
^his  be  taken  as  our  standard  instrument,  then  all  other  thermometers 
must  be  graduated  by  comparison  with  it,  so  that  when  placed  in  the 
same  uniformly  heated  bath  they  may  all  agree  in  their  indications. 
We  shall  thus  have  a  uniform  system  of  measurement,  and  experiments 
conducted  at  any  place  may  be  repeated  at  any  other. 

The  main  object  to  be  secured  in  thermometry  is  that  all  thermo- 
meters shall  be  strictly  comparable,  and  since  liquid  thermometers  are 
easily  portable  the  simplest  means  of  obtaining  this  object  is  by  com- 
paring all  thermometers,  directly  or  indirectly,  with  some  standard  standar*] 
instrument.     All   thermometers   would  then  be  copies  of  the  same  ^°^' 
original,  and  would  agree  perfectly  in  their  indications.     This  being 
arranged,   thermometers   may  be  constructed  of   other  liquids  than 
mercury,  or  by  measuring,  not  the  increase  of  volume,  but  the  increase 
in  length  of  a  bar,  or  the  increase  in  pressure  of  a  gas  kept  at  constant 
volume,  or  the  change  in  electrical  resistance  of  a  wire,  or  change  in 
pressure  of  the  saturated  vapour  of  a  liquid,  or  change  in  shape  of  a 
spiral  composed  of  strips  of  different  metals,  or  change  in  the  shape  of 
a  single  elastic  solid  subject  to  stated  stress. 

The  condition  implied  in  all  cases  is  that  the  thermometers  shall 
all  be  graduated  according  to  the  same  standard,  and  that  the  property 
of  matter  made  use  of  shall  always  give  the  same  indication  when  the 
temperature  is  brought  again  and  again  to  the  same  value.  It  is  upon 
tUs  last  property  that  the  accuracy  of  a  thermometer  depends.  The 
constitution  of  the  material  of  which  the  instniment  is  constructed 
naust  be  permanent,  so  that  the  property  made  use  of  in  measuring 
temperatures  is  always  the  same  at  the  same  temperature. 

The  sensibility  or  delicacy  of  the  instrument  depends  only  upon  Sensibilii 
the  recognisability  of  changes  in  the  indicating  property  with  very 
small  changes  of  temperature.  A  thermometer  may  be  delicate  in  two 
*ay8 — (1)  when  it  detects  very  small  changes  of  temperature,  and  (2) 
*^hen  it  rapidly  assumes  the  temperature  of  any  body  with  which  it 
^  placed  in  contact  The  delicacy  of  a  thermometer  is  consequently 
^  some  extent  similar  to  that  of  a  balance,  one  of  the  circumstances 
detennining  it  working  in  opposition  to  the  other.  Thus,  in  order  to 
secure  the  first  condition  the  bulb  should  be  large  and  the  bore 
oan-ow;  but  in  order  to  secure  the  second  the  bulb  should  be  small, 
have  a  large  surface,  and  be  filled  with  a  liquid  which  will  rapidly  take 
ip  the  temperature  of  the  medium  in  which  it  is  immersed,  that  is,  of 
high  conductivity.  If  the  bulb  is  large  the  weight  of  the  contained 
liqoid  produces  strain  effects  which  may  seriously  affect  the  accuracy  ; 
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and  if  the  initial  temperature  of  the  thermometer  differs  from  that  of 
the  l)ody  with  which  it  is  placed  in  contact,  the  final  indication  of  the 
instrument  will  not  be  the  initial  temperature  of  the  body,  but  will  be 
intermediate  between  that  of  the  body  and  the  initial  temperature  of 
the  thermometer,  for  the  body  will  become  cooled  in  wanning  the 
thermometer.  This  final  reading  will  differ  from  the  original  tempera- 
ture of  the  body  more  and  more  the  greater  the  heat  capacity  of  the 
thermometer,  the  less  that  of  the  body,  and  the  greater  their  initial 
difference  of  temperature.  In  the  constniction  of  a  thermometer,  then, 
the  nature  of  the  work  for  which  it  is  intended  must  be  taken  into 
account.  A  thermometer  which  is  best  adapted  for  one  class  of  work 
may  be  quite  unsuited  for  another. 

73.  Construction  of  a  Liquid-in-glass  Thermometer. — We  shall 
now  brieHy  describe  the  construction  of  a  liquid-in-glass  thermometer, 
such  as  the  ordinary  mercury  thermometer.  Such  a  description, 
besides  being  imporUmt  in  itself,  affords  an  excellent  example  of  the 
method  by  which  the  scientific  investigation  of  such  a  phenomenon  as 
temperature  must  be  proceeded  with.  In  making  a  thermometer  a 
glass  tube  possessing  a  uniform  capillary  bore  is  selected,  and  a  bulb 
of  suitable  size  is  blown  (or  fused)  on  one  end,  the  other  end  being  left 
open.  It  is  important  that  the  bore  of  the  tube  should  l>e  as  uniform 
as  possible,  and  this  should  be  ascerUiined  beforehand  by  sliding  * 
short  thread  of  mercury  through  the  tube,  and  observing  its  length  in 
different  parts.  If  this  length  is  approximately  the  same  at  all  parts 
of  the  tube  the  bore  is  fairly  uniform,  and  the  tube  may  be  employed. 
Slight  want  of  uniformity  can  be  corrected  for  afterwards,  as  will  be 
explained  subsequently.  The  tube  and  bulb  should  now  be  well 
cleaned,  and  all  organic  matter  removed  from  its  inside  surface  bj 
means  of  boiling  nitric  acid. 

Some  of  the  best  thermometer  tubes  are  furnished  with  a  pea^ 
shaped  reservoir  or  funnel  at  the  open  end,  to  facilitiite  the  process  of 
filling.  If  such  a  reservoir  be  not  already  attached,  the  end  of  the 
tube  may  be  simply  bent  round,  so  that  it  may  be  dipped  with  facility 
under  the  surface  of  some  mercury  or  other  liquid  with  which  it  i* 
desired  to  fill  the  instrument. 

In  order  to  introduce  the  liquid,  the  empty  bulb  is  heated  over  a 
lamp,  and  the  air  within  expands  and  is  j)artly  expelled.  The  open 
end  of  the  stem  is  immediately  dipped  under  the  surface  of  the  liquid, 
and  kept  there  while  the  bulb  and  the  enclosed  air  cool.  During  this 
process  the  pressure  of  the  air  within  diminishes,  and  some  of  the 
liquid  is  forced  through  the  stem  into  the  bulb  by  the  pressure  of  the 
atmosphere  outside.     By  this  means  the   bulb  is  partially  filled.     To 
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)niplete  the  process,  the  liquid  thus  introduced  is  boiled  till  all  the 
ir  is  expelled,  and  the  instrument  contains  only  the  liquid  and  its 
apour.  If  the  open  end  be  dipped  into  a  cup  of  the  liquid  while  the 
ailing  is  still  in  operation,  and  if  the  instrument  be  allowed  to  cool, 
le  vapour  will  condense,  so  that  the  bulb  and  stem  will  become 
)mpletely  filled  with  the  liquid. 

The  process  of  filling  a  thermometer  is  a  matter  of  some  difficulty 
3  a  beginner,  as  it  is  by  no  means  easy  to  ensure  that  all  the  air  has 
een  expelled.  Minute  bubbles  are  nearly  always  found  remaining, 
rhich  adhere  with  the  greatest  pertinacity  to  the  sides  of  the  glass 
.nd  resist  expulsion.  Caution  must  also  be  exercised  in  the  process 
»f  boiling  the  liquid,  especially  in  the  case  of  mercury,  which  has  a 
ligh  boiling  point,  and  if  heated  over  a  lamp  the  bulb  may  fuse  and 
lead  to  disaster.  To  avoid  this  a  special  heating  apparatus  may  be 
used,  by  means  of  which  the  bulb  and  stem  may  be  gradually  heated 
throughout  its  entire  length  to  the  boiling  point  of  the  liquid. 

When  the  bulb  and  stem  are  filled  the  instrument  is  raised  to  the 
liighest  temperature  that  it  is  intended  to  measure,  and  in  this  state 
the  end  of  the  tube  is  hermetically  sealed.  In  order  to  avoid  bursting 
when  the  thermometer  is  inadvertently  subjected  to  temperatures 
higher  than  the  highest  that  it  is  intended  to  register,  the  upper  end 
of  the  bore  is,  in  the  best  instruments,  widened  out  into  a  small 
reservoir  into  which  the  mercury  may  expand.      This  reservoir  is 

• 

important,  as  it  not  only  prevents  the  danger  of  bursting,  but  can  be 
Wed  to  contain  some  of  the  mercury  separated  from  the  bulb  in  the 
process  of  calibrating,  as  well  as  in  the  separation  of  minute  air 
Wbbles,  if  any  exist  in  the  bulb.  Besides,  by  placing  some  of  the 
mercury  in  it  the  same  part  of  the  scale  can  be  used,  if  desired,  at  a 
Ugh  and  also  at  a  low  temperature. 

If  now  the  size  of  the  bulb  and  the  length  of  the  stem  have  been 
properly  adjusted,  the  bulb  and  a  small  part  of  the  stem  will  be  filled 
^th  Uquid  at  the  lowest  temperature  which  the  instrument  is  intended 
^  register.  In  this  case  the  fixed  points  may  be  determined  and  the 
Process  of  graduation  proceeded  with. 

^  74.  Determination  of  the  Fixed  Points. — In  order  to  furnish  a 
thermometer  with  a  scale,  two  points  are  first  marked  on  the  stem 
which  correspond  to  two  definite  temperatures.  The  temperatures 
generally  chosen  for  this  purpose  are  those  originally  suggested  by 
Hooke,^  and  adopted  by  Newton,  namely,  the  melting  point  of  ice  and 
^he  boiling  point  of  water.  The  temperature  of  boiling  water  is  not 
now  employed,   but  rather  the  temperature  of  the  vapour  of  water 

*  Hooke,  1681  ;  see  Birch's  History  of  the  Royal  Society^  vol.  iv. 
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boiling  under  the  pressure  of  one  standard  atmosptiera.  This  pi:««nre 
is  that  exerted  at  the  freezing  point  by  a  column  of  mercury  760  mm. 
high  in  the  latitude  of  Paris,  which  is  equivalent  to  a  column  of  29-Wi 
inches  in  the  latitude  of  I^ondon.  The  temperature  of  the  steam  is 
chosen,  because  it  is  found  that  the  temperature  of  boiling  waur 
depends  to  some  extent  on  the  presence  of  impurities  and  the  nature 
of  the  vessel  in  which  it  is  boileti,  whereas  the  temperature  of  ilw 
steam  depends  only  on  the  pressure,  the  former  point  having  been 
established  by  Gay-Litssac  and  tito  latter  by  Kudberg. 

Till-  Frfe-imf  Point. — The  frecning  point,  as  the  lower  fixed  point  is 
called,  is  determined  by  placing  the  thermometer  in  a  vessel  contaiD- 
ing  lirokcn  ice,  from  which  water  is  dripfuiig, 
so  that  the  bulb  and  stem,  so  far  as  it  is  filled 
with  mercury,  are  surrounded  with  ice,  nnd 
the  top  of  the  mercurial  column  is  just  visible. 
The  vessel  (Fig.  8)  is  usually  shown  with  a  per- 
forated bottom,  BO  that  as  the  ice  melts  tbe 
water  drips  away,  and  the  thermometer  it  aur- 
rounded  with  ice  at  tbe  melting  point  ACur 
standing  for  some  time  the  level  of  the  mercurj 
becomes  stationary,  and  a  mark  is  carefoUy 
traced  on  the  glass  at  this  point. 

■  The   advantage   gained    by   allowing  the 
watei-  to  drain  away  as  the  ice  melts  is  no' 
obvious.     As  long  as  there  is  plenty  of  i« 
*""'■"■  present    the    temi^raturo    of    the    water  *iU 

remain  stationary,  and  the  pressure  on  the  bulb  of  the  thermomeW 
will  be  more  nniform  than  when  the  water  is  allowed  to  drain  oif. 
In  the  latter  case  angiiliir  fragments  of  ice  will  be  sometimes  pressed 
with  their  sharp  edges  against  the  bulb^  and  this  may  cause  distOilioD 
and  eonseijuent  displacements  of  the  zero  point. 

Another  question  which  presents  itself  is — does  the  temperature 
of  melting  ice  depend  on  whether  the  ice  has  been  formed  from 
ordinaiy  or  distilled  water.  Both  these  points  have  been  examined 
by  Mr.  F.  1).  Bi-owii,'  and  bis  conclusions,  after  a  series  of  observatioiw 
on  dilTe;-ent  kinds  of  ice,  and  mixtures  of  ice  and  water,  were  that » 
constiint.  temperature  is  more  rapidly  and  certainly  obtained  with* 
mixture  of  ice  and  water  than  with  ioc  alone,  that  the  temperature 
thus  obtained  is  really  that  of  molting  -  ice,  and  that  it  is  preferable  to 
wash  and  mix  the  ice  with  distilled  water,  as  ordinary  water  lowered 
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i  temperature  to  a  slight  extent.  The  quantity  of  water  mixed 
:h  the  ice  should  be  just  sufficient  to  fill  up  th^  spaces  between  the 
gment«. 

BoUiHij  Pnint. — The  boiling  point  is  determined,  as  already  stated, 

placing  the  thermometer  in 
)  steam '  of  boiling  water, 
;  pressure  being  one  standard 
noBphere.  The  thermometer 
BO  far  plunged  into  the  steam 
It  the  surface  of  the  mercury 
just  visible,  as  shown  in  Fig. 
When  the  level  of  the  mer- 
17  becomes  stationary,  a  mark 
made  on  the  stem  at  its  sur- 
ce,  and  this  is  the  boiling  point. 
Ik  pressure  corresponding  to 
sundard  atmosphere  is  in  this 
UDtry  taken  to  be  that  of  the  [ 
ittosphere  when  the  barometer 
inds  at  29-905  inches  at  the 
•■level  in  t!ie  latitude  of  Lon- 
11,  the  temperature  being  that 

the  freezing  point.  In  order 
'  know  the  pressure  of  the 
am  in  which  the  thermometer 

placed  during  the  determina- 
n  of    the     boiling    point,    a 
uage  is  attached.      This  con- 
as  simply  of  a  bent  glass  tube,  *'"'  "' 
len  to  the  atmosphere  at  one  end,  and  containing  a  little  water.     The 
fference  of  level  of  the  water  in  the  tno  arms  gives  the  UifTerence  of 

'  In  the  apparatus  used  for  deterniining  the  boiling  point  the  vapour  inside  is 
uUj  and  iTToneoUBly  represented  by  clouds,  and  this  pcrliaps  fostera  tho  idea  uom- 
mlj  preralent  among  beginners  that  Btcam  ii  visible  like  a  cloud.  Thia  niistaki^ 
°t«bly  arises  from  the  a|>plication  of  the  word  in  ordinary  Inngitaf^.  Thus  Rnlii- 
"■  in  hia  MechaHiail  Phileitaphii,  vol.  ii.  p.  1,  defines  steam  as  "the  visible  iDoisl 
punt  irhjch  arises  from  all  bodies  which  contain  juice  eiuily  expelled  by  heat.  .  .  . 
ij  distinguished  from  smoke  by  itii  not  having  been  |iro<luccrl  by  combustion,  by 
t  containing  anj  soot,  and  by  its  Ixting  condensible  bj'  cold  into  water,  oil,  iii- 
nuuible  sjnrits,  or  liquids  eom|>09ed  of  these.  .  .  .  The  visibility  of  the  matter 
^s  the  steam  is  an  accidental  or  extraneous  circunistancc,  and  reijuires 


!ation."     What  w 
i»  condeniwa  into 


r,  yet  this  quality  again  leaves  it  when  united  with  a 

now  tenn  steam  or  v3[M>ur  is  an  invisible  substance,  but  whei 

niali  globules  it  beeouies  visible  and  is  then  called  cloud.  01 
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pressure  l^etweeii  the  steam  inside  and  the  atmosphere  outside  the 
apparatus.  If  the  escape  orifice  is  large  enough  this  difference  will 
be  scarcely  sensible. 

When  the  boiling  point  is  marked  the  barometer  will  probably  not 
be  at  the  standard  height,  so  that  the  mark  made  on  the  stem  must 
not  be  regarded  {is  the  standard  boiling  point,  and  a  corresponding 
correction  must  be  made  in  graduating  it.  This  correction  will  be 
found  from  tables  of  vapour  tensions. 

\  75.  Graduation  of  the  Thermometer. — The  freezing  and  the 
boiling  points  having  been  marked,  the  interval  between  them  may  be 
divided  into  any  desired  numl)er  of  equal  parts.  Each  of  these  parts 
is  cidle<i  a  degree,  and  hence  we  speak  of  a  temperature  being  so  many 
degrees  above  or  below  the  freezing  point.  Three  systems  of  division 
have  })een  proposed,  which  are  at  present  in  general  use.  The  centi- 
gi-adc  scale  was  introduced  by  Celsius,^  and  is  generally  used  in  France 
and  in  all  scientific  work.  In  this  scale  the  freezing  point  is  marked 
0^,  and  is  ciilled  zero,  and  the  boiling  point  is  marked  100",  the 
interval  between  being  divided  into  100  e([ual  parts. 

The  scale  generally  used  by  English-si)eaking  people  is  that  intro- 
duced by  Fahrenheit,-  of  Dantzig,  about  1714.  In  this  scale  the 
boiling  point  is  marked  212'  and  the  freezing  point  is  marked  32', 
the  graduation  extending  alx)ve  and  below  the  fixed  points.  A  point 
32'  below  the  freezing  point  is  marked  0',  and  is  called  zero.  This 
point  corresponded  to  the  lowest  known  temperature  in  the  time  of 
Fahrenheit,  namely,  that  of  a  mixture  of  snow  and  salt.  The  only 
arguments  in  favour  of  this  sciile  arc  its  early  introduction  and  the 
fact   that  it  is  actually  used  by   so   many  of   our  countrymen.    A 

'  Professor  of  AstroiKnny  in  the  University  of  U^isala. 

-  The  view  advanced  in  explanation  of  the  mode  of  division  of  the  Fahrenheit 
scale  is  that  the  interval  hetween  the  freezing  point  and  the  boiling  jwint  w»s 
divided  into  180  ]>oints  like  a  semicircle.  If  this  view  has  no  foundation,  it  ^ 
certainly  a  strange  coincitlence  that  there  should  be  on  this  scale  exactly  180 
betwt-en  what  are  now  taken  as  the  two  fixed  points. 

Professor  A.  Oani^ee  (Pror.  Comb.  I'hil.  Stn-.,  1890,  vol.  viL  pt.  iii.  p.  95i  sUtes 
that  this  view  is  nevertheless  incorrect, — that  Fahrenheit  had  settled  the  basis  of  btf 
scale  and  constructed  a  large  number  of  thermometers  many  years  before  the  dis- 
covery by  A  man  tons  tliat  water  boils  at  a  constant  temperature  under  oonsttnt 
pressure.  Tlie  tliermonietors  first  constructed  by  Fahrenheit  wer«  sealed  alcohol-in* 
^lass  thermometers  provided  with  a  scale.  The  lower  fixed  point  of  the  scale  wis 
determin«Ml  by  a  mixture  of  snow  and  salt,  and  the  upper  by  placing  the  thermo- 
meter under  the  armpit,  or  inside  the  mouth,  of  a  healthy  man.  In  the  eirljr 
thermometers  the  interval  between  these  two  fixed  points  was  divided  into  24  eqw 
j»arts,  and  later  on  into  1  x  24  =96.  It  was  subsequently  found  that  the  32nd  degr» 
corr«j>pon»led  to  tlie  melting  ]K)int  of  ice,  and  the  212th  to  the  boiling  jwint  of 
water.     The  basis  of  Fahrenheit's  scale  was  then  simjdy  duodecimal  division. 
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e  fact,  however,  is  that  mercury  expands  almost  exactly 
its  volume  at  142"  F.  for  every  degree  Fahrenheit,  so  that 
lefined  the  degree  Fahrenheit  as  corresponding  to  an  expan- 
srcury  equal  to  ^^q^qq  part  of  its  bulk, 
hird  thermometric  scale  is  that  of  Reaumur.  In  this  scale 
Dg  point  is  marked  0"  and  the  boiling  point  80°,  the  interval 
ided  into  80  equal  parts.  This  scale  is  very  generally  used 
ly  for  domestic  purposes,  but  possesses  no  special  advantages, 
"elation  between  the  readings  of  thermometers  graduated 
to  these  three  methods  is  easily  found,  for  100  divisions 
itigrade  scale  are  equal  to  212-32  =  180  divisions  of  the 
t  and  also  equal  to  80  of  the  R^umur  scale.  Hence  if  C, 
ote  the  readings  of  the  three  thermometers  for  the  same 
re,  we  have 


c 

F 

-32_ 

R 

100 

180 

-80' 

c= 

a(F- 

-32)  = 

=  fR. 

he  equations,  when  the  temperature  is  given  by  one  scale,  the 
iing  number  expressing  the  temperature  on  either  of  the 
I  be  easily  found. - 

e  best  modern  thermometers  the  scale  is  marked  on  the  glass 
he  instrument  itself,  but  in  most  ordinary  thermometers  the 
ns  are  made  on  a  piece  of  wood,  or  ivory,  or  porcelain,  to 
)  thermometer  is  securely  attached.  Some  of  the  best  ordinary 
3ters  (German  bath  thermometers)  have  the  scale  marked  on 
paper  which  is  enclosed  in  a  glass  tube  hermetically  sealed 
3  stem  of  the  thermometer,  and  in  this  form  the  graduation  is 
od  more  easily  read  than  in  any  other.  The  paper  scale  is 
ly  protected  from  damp  and  damage  by  the  sealed  glass  tube 
closes  it.  The  lightness  of  the  paper  renders  its  attachment 
;m,  by  gum  or  otherwise,  secure  and  trustworthy,  and  if  the 
eter  be  never  exposed  to  a  temperature  high  enough  to  brown 
the  paper,  it  is  cheaper  and  better  than  any  other  form  of 
'he  graduation  on  the  glass  of  the  stem  itself  is,  however, 
to  all  others,  except  in  respect  to  the  ease  of  reading  the 


ig.  Lectures  on  Nat.  Phil.,  p.  485. 

scale  called  after  Reaumur  was  })ropo8e(i  by  De  Lue  {Recherches  ytir 
re,  torn.  ii.  pp.  244-283).  The  true  scale  proposed  by  Reaumur  marked  80 
ling  point  of  alcohol,  and  eouse(iuently  the  boiling  point  of  water  on  it 
ttle  from  100**.     It  thiw  differed  little  from  the  centigrade  scale. 
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Lens  front  tubes  are  used  for  delicate  thermometers  of  fine  bore. 
The  stem  itself  thus  plays  the  part  of  a  magnifying  glass,  and  enlarges 
the  bore  about  fifteen  times. 

76.  On  the  Choice  of  a  Thermometrie  Substance. — In  respect  to 
general  convenience  for  a  large  variety  of  purposes,  liquid -in-glass 
thermometers  are  with  good  reason  preferred  to  all  others,  but  the 
reason  for  the  general  preference  for  mercury  or  spirits  of  wine  as 
the  thermometrie  substance  is  not  so  obvious.  The  indications  of  a 
liquid  thermometer  depend  both  on  the  expansion  of  the  liquid  and 
on  that  of  the  glass  envelope  which  contains  it.  If  the  glass  and  the 
liquid  expand  equally  with  rise  of  temperature,  the  apparent  volume 
of  the  liquid  in  glass  will  remain  constant.  Since  the  indications  of 
the  instrument  depend  only  on  the  difference  of  the  expansions  of  the 
liquid  and  the  glass,  the  greater  the  expansion  of  the  liquid  the  more 
sensitive  the  thermometer,  and  for  a  given  liquid  the  length  of  a  degree 
on  the  stem  will  be  greater  the  larger  the  bulb  and  the  smaller  the 
l)ore  of  the  tube.  The  high  specific  gravity  of  mercury  limits  the 
size  of  the  bulb,  for  Ixjsides  increasing  the  liability  to  break,  the 
weight  of  the  mercury  strains  the  bulb  and  tends  to  give  distorted 
readings,  especially  at  high  temperatures.  Further  irregularity  is 
also  introduced  by  the  variations  in  the  shape  of  the  meniscus  in  the 
Surface  capillary  tube.  Besides  the  large  value  of  the  surface  tension  of 
mercury,  tlie  angle  of  contact  varies  from  about  45°  when  the  mercurjr 
is  rising  to  90''  when  it  is  falling.  For  this  reason  the  internal 
pressure  on  the  bulb  is  greater  when  the  temperature  is  rising  than 
when  the  temijerature  is  falling,  and  a  consequent  variation  in  the 
volume  of  the  bulb  occurs  which  produces  an  irregularity  in  the  indi- 
cations of  the  instrument.  On  this  account  the  mercury  rises  by 
jerks  and  not  conj^iiuiously  when  the  temperature  is  increasing,  and 
falls  in  the  same  discontinuous  manner  when  the  temperature  w 
falling.  This  jerky  motion  of  the  mercury  is  very  noticeable  w 
delicate  thermometers,  and  in  some  instruments  is  more  so  than  m 
others.  .  This  Joule  believed  to  be  due  largely  to  the  slight  oxidation 
of  the  mercury  before  sealing. 

Liquids  which  wet  the  glass  have  a  great  superiority  o>'ermerciuy 
in  their  much  smaller  surface  tension  and  in  their  practically  constant 
angle  of  coutiict  (180"^).  The  variations  of  internal  pressure  are  thus 
nuich  less  when  the  liquid  is  rising  or  falling  and  the  motion  in  the 
tube  is  continuous.  The  large  expansion  of  such  liquids  as  alcohol, 
ether,  chloroform,  etc.,  gives  the  instniment  in  addition  a  great  sen- 
silnlity,  and  they  possess  a  fiu-ther  advantage  over  mercury  in  their 
nnicli  smaller  .specific  gravity,  so  that  larger  bulbs  may  be  used  with 
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t  greater  sensibility,  and  less  liability  to  break  or  produce 
readings  througli  distortion  of  the  bulb  by  the  weight  of  the 

bjection  to  alcohol  and  other  volatile  liquids  is  their  liability 
ito  the  head  reservoir  of  the  stem  if  this  part  of  the  instru- 
>lder  than  the  bulb.  On  this  account  the  stem  of  a  spirit 
ter  should  be  at  least  as  warm  as  the  space  in  which  the 
uated. 

ous  objection  to  liquids  of  high  expansibility  is  the  difl&culty 
g  for  tlie  expansion  of  the  liquid  in  the  stem  if  it  be  not  at 
temperature  as  that  in  the  bulb.  The  error  arising  from 
3  will,  under  the  same  conditions,  be  proportional  to  the 
lity  of  the  liquid,  but  in  every  case  in  which  the  bulb  and 
be  kept  at  the  same  temi>erature,  a  thermometer  constructed 
ihly  expansive  and  light  liquid,  such  as  alcohol  or  ether,  or 
anic  liquid  of  permanent  chemical  constitution,  should  be 
irate  and  sensitive  than  one  filled  with  mercury.  The  low 
dnts  of  these  liquids  render  them  unfit  for  the  construction 
•meters  which  are  to  be  used  at  high  temperatures,  but  for 
eratiires  they  make  very  valuable  instruments.  A  sulphuric 
rmometer  was  employed  by  Lord  Kelvin  in  his  experiments 
owering  of  the  freezing  point  of  water  by  pressure,  and 
iters  filled  with  ether  or  chloroform  (which  expands 
t  more  than  ether)  were  used  by  Joule  and  Thomson  in  their 
nts  on  the  change  of  temperature  of  bodies  moving  in  air. 
Df    these  thermometers   there  were  as  many  as   330   scale 

to  r  C. 

lier  objection  frequently  urged  against  spirit  thermometers,  is 
a  the  temperature  is  rapidly  falling  a  thin  film  of  the  liquid 
nd  adhering  to  the  sides  of  the  tube,  so  that  before  the 
^  temperature  can  be  correctly  read  it  is  necessary  to  wait 
,e  to  allow  the  liquid  to  trickle  down  and  join  the  main 
Adaptability  to  the  measurement  of  rapidly-varying  tem- 
would  thus  seem  to  be  wanting.  With  mobile  liquids,  such 
I  and  ether,  there  will,  however,  be  practically  no  time  lost 
ecount,  and  when  proper  care  is  exercised  by  the  observer  no 
y  will  be  incurred.^  When  the  temperature  has  been  rapidly 
nd  has  nearly  reached  its  lowest  point,  a  false  balance  must 
ed  against,  which  arises  from  the  descent  of  the  liquid  surface 
ill  of  temperature  being  counterbalanced  by  the  rise  caused 
quid  trickling  down  from  the  sides  of  the  tube.  This  may 
^  Sir  Wm.  Thomson,  Math,  and  Phys.  Papers,  vol.  iii.  p.  142. 
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give  a  false  steadiness  when  the  free  surface  has  nearly  reached  the 
true  position  for  the  final  temperature.^ 

The  great  convenience  of  the  mercury  thermometer  is  its  freedom 
from  distillation  and  the  smallness  of  the  error  arising  from  any 
difference  between  the  temperature  of  the  'bulb  and  that  of  the  stem. 
It  is  further  well  suited  to  the  measurement  of  ordinary  temperatures, 
the  boiling  point  of  mercury  being  350°  C,  and  its  freezing  point 
40''  C.  below  the  freezing  point  of  water. 

[Messrs.  Baly  and  Chorley  ^  have  devised  a  high  temperature  ther- 
mometer in  which  an  alloy  of  potassium  and  sodium  is  substituted  for 
mercury.  This  alloy  is  liquid  between  -  8°  C.  and  about  70^  C,  so 
that  between  these  limits  the  liquid  is  particularly  suitable  for  thermo- 
metric  use.  In  order  not  to  inconveniently  lengthen  the  thermometer 
the  graduations  are  caused  to  commence  at  200"^  C.  The  space  above 
the  alloy  is  filled  with  {)ure  nitrogen  at  such  a  pressure  that  when  the 
glass  begins  to  glow,  and  therefore  soften,  the  interior  pressure  shall 
l)e  equal  to  the  atmospheric,  and  thus  any  tendency  to  alteration  of 
volume  is  avoided.] 

77.  Overflowing  Thermometers. — In  ordinary  liquid-in-gkss  ther 
momoters  the  expansion  is  noted  by  the  rise  of  the  liquid  in  a  tube 
divided  into  parts  of  equal  or  known  capacities.  The  same  result  may 
be  also  attained  by  allowing  the  liquid  to  overflow,  and 
determining  the  volume  of  the  overflow  by  weighing.  This 
is  the  method  practised  in  what  is  known  as  the  tceight  ther- 
moindir^  and  the  difticulties  attending  the  calibration  and 
change  of  zero  of  the  ordinary  thermometer  are  thus  avoided. 
This  instrument  consists  of  a  glass  bulb  capable  of  containing 
about  200  grammes  of  mercury,  which  is  furnished  with  a 
short  capillary  tube,  and  filled  at  zero  in  the  ordinary 
way  and  weighed.  Let  W^j  be  the  weight  of  mercury  which 
fills  the  instrument  at  the  freezing  point,  iv  the  weight  wnicn 
overflows  at  any  temperature  0.  Then  w  is  the  apparent  expansion 
of  a  weight  W  -  t^  of  mercury  in  rising  from  0°  to  ^ ;  consequently 
if  a  denotes  the  apparent  expansion  of  mercury  in  glass,  we  have 

[\s  -w)ae  =  w, 

or 

8-       ^■' 

(VV-trW* 

To  determine  a  it  is  only  necessary  to  make  an  experiment  at  100**  C.| 

^  For  the  graduation  of  spirit  thermonicters  see  a  note  by  M.  A.  Angot,  Jonrnoi 

dc  Phys^iqm;  Sept.  1S91. 
-  Nature,  oth  April  1894. 
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A'hich  gives 


«  =  , .-r. 


^m 


100(W-tr,oo) 

This  coefficient  varies  with  the  nature  of  the  glass,  and  it  is  therefore 
lecessary  to  determine  it  directly  for  each  instrument  (see  also  p.  193). 

78.  Maximum  and  Minimum  Thermometers. — Thermometers  for 
"egistering  the  highest  or  lowest  temperature  attained  during  any 
nterval  may  be  devised  in  several  ways.  Thus  the  weight  ther- 
nometer  may  be  arranged  as  a  maximum  thermometer,  for  if  the 
nercury  as  it  overflows  is  allowed  to  drop  into  a  cup,  the  quantity 
ixpelled  in  any  time  gives  the  highest  temperature  reached  by  the 
instrument  during  that  period.  This,  in  fact,  is  the  principle  of 
VValferdin's  maximum  thermometer. 

The  ordinary   mercury   thermometer  will,   however,   serve   as  a 

maximum  thermometer  if  a  small  iron  index  is  placed  in  the  tube  so  as 
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Fig.  11.— Rutherford's. 


to  move  before  the  surface  of  the  mercury.  As  the  mercury  expands 
the  index  is  pushed  before  it  in  the  stem,  and  when  the  temperature 
faUs  the  index  is  left  behind.  The  position  of  the  index  at  any  time 
thu8  gives  the  highest  temperature  that  has  been  attained  since  the 
instrament  was  last  set  This  is  the  principle  used  in  Eutherford's 
niarimum  and  minimiun  thermometers  (Fig.  11).  The  two  ther- 
iQometers  are  attached  to  a  frame  with  their  stems  directed  horizon- 
tally. One  of  these  thermometers  registers  the  maximum  temperature, 
and  the  other  the  minimum.  The  former  is  an  ordinary  mercury 
thermometer  furnished  with  a  light  steel  index  which  is  movable  in 
the  stem,  and  can  be  brought  to  the  surface  of  the  mercury  by  means 
®^  a  magnet  when  it  is  desired  to  set  the  instrument.  The  reading 
o{  that  end  of  the  index  which  is  next  the  surface  of  the  mercury  at 
^ly  other  time  gives  the  maximum  temperature  attained  since  the 

• 

^trument  was  last  set.  The  minimum  temperature  is  registered  by 
the  other  thermometer.  This  is  a  spirit  thermometer,  and  is  furnished 
^ith  a  light  dumb-bell-shaped  enamel  or  glass  index,  which  is  gener- 
%  coloured.  When  the  spirit  expands  it  flows  past  the  index  with- 
out displacing  it,  but  when  the  temperature  falls,  and  tlie  surface  of 
'he  spirit  reaches  the  index,  the  latter  is  retained  by  the  capillary 
action  of  the  surface  and  is  carried  back  in  its  grasp.     As  the  surface 

I 
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recedes,  the  end  of  the  index,  which  is  directed  ftway  from  the  balb, 
marks  the  temperature,  and  at  any  other  time  this  end  of  the  iodei 
marks  the  lowest  temperature  attained.  The  index  is  brought  buk 
by  inclining  the  thermometer.  Thus  in  each  thermometer  thtA  end 
of  the  index  which  is  directed  towards  the 
surface  of  the  liquid  marks  the  highest  or 
lowest  temperature  attained. 
~Wn     w-il  II  l-B  Six'a  self-registering  thermometer  is  one  of 

H  *°ll  II  "  '^^  oldest  <A  this  class  of  inetnimenta,  and  acta 
HI  »i  11  s  both  as  a  maximum  and  minimum  tbenno- 
HI  "jl  M  "  meter  It  is  shown  in  Fig.  1 2,  and  consistj  of 
U  "jlill  *  "^"^  contimious  tube^  the  two  ends  of  wMcii 
M  ,jJl  l||  ,^  contain  alcohol^  (or  creosoteX  and  the  int«r- 
H  is-lrll  ^9  mediate  space  is  filled  with  mercury.  "nH 
.iJII  111  -«  |(^ge  cylindrical  bulb  A  is  also  filled  witl 
alcohol.  The  part  BC  contains  mercuiy,  lod 
above  C  there  is  some  more  alcohol,  which  ilao 
partly  fills  the  bulb  D,  some  space  being  lefc 
for  expansion.  Thus  both  extremities  of  tlie 
mercurial  column  are  in  contact  with  alcohol, 
and  situated  in  the  alcohol  above  the  merciu7> 
in  each  arm,  is  a  light  steel  index  which  is  b«ld 
in  its  place  by  a  delicate  spring,  just  sbmiig 
enough  to  prevent  slipping  down  the  tube- 
When  the  alcohol  expands  in  the  bulb  A  tbe 
mercury  rises  in  the  left  nrm,  and  pushes  ih* 
""■  '"■"'■"■  index  before  it,  leaving  the  index  in  the  ri^' 
arm  behind  in  tlie  alcohol  ;  and  when  the  temperature  falls  the 
liquid  contracts,  and  the  mercury  rises  in  the  right  arm,  pushing  tie 
index  in  this  arm  l>efore  it  and  leaving  the  other  behind.  Thus  the 
index  in  the  left  ann  gives  the  maximum,  and  that  in  the  right  giW 
the  minimum,  temperatnre. 

In  the  maximum  thermometer  of  Negretti  and  Zambra  there  isso 
obsti-uction  in  the  tube  close  to  the  bulb,  so  that  the  bore  is  nesHy 
choke<l  at  this  point.  As  a  consequence,  the  mercury  expanding  ■» 
the  bulb  forces  its  way  past  the  obstniction  into  the  atom  above ;  hut. 
on  the  other  hutid,  when  the  temperature  falls,  the  thread  of 
mercury  beyond  the  olwtruction  in  the  stem  fails  to  make  its  way  hick 
'  Alcohol  after  soriic  tims  vvolveB  small  ImbblFS  of  gaa  which  givB  tioabU 
Snipliuric  u'i'I  woiilil  probably  serva  better.  Herr  von  Lupin  of  Munich  rocommeriiii 
dilute  sii1|iliuri<:  niit)  unit  a  HallltioD  of  111  or  15  per  cent  of  tnbydroaa  uldun 
ehloride  ill  .ijiirit  as  liijiiids  fre«  from  ilistillntion  errors  and  posseuing  regnlit 
KiiMHsiou  (jV.((mt,  INtia,  p.  aoti,  2fltU  Juuel 
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to  the   bulb.      This  isolated  thread  furnishes  the  means  of  Negretti 
ling  the  highest  temperature  reached  by  the  instrument  since  ^Ambn. 
ist  set,  for  when  one  end  of  the  thread  is  placed  against  the 
ion,  the  other  end  gives  the  maximum  temperature — a  correc- 
ig  applied  for  the  expansion  of  the  thread  if 

accuracy  be  desired.  In  setting  this  ther- 
*,  the  thread  of  mercury  in  the  stem  is  shaken 

obstruction  till  it  joins  the  main  mass  in  the 
id  the  instrument  is  now  ready  for  another 
ion. 

same  principle  is  adopted  in  the  clinical 
leters  now  generally  used.  These  instruments 
i),  being  employed  to  register  only  a  very 
range  of  temperature,  are  furnished  with  a 
en  scale  graduated  from  OS''  to  113°  F.,  so 
.elude  the  variations  of  temperature  to  which 

are  subject.  In  order  that  the  scale  may  be 
e  bore  of  the  tube  is  made  very  fine,  and 
ling  is  facilitated  by  the  use  of  a  lens-front 

that  the  thread  of  mercury  is  magnified,  and 
Joyment  of  a  pocket  lens  is  thus  dispensed 
The  employment  of  the  latter  is  besides 
I  by  difficulties  in  ordinary  instruments  as 
mentioned,  on  account  of  difference  of  focal 

of  the  thread  and  scale. 

ther     foi*m    of    maximum     thermometer    is 
ented  by  Professor  Phillips.     In  this  instni- 
lie   bore   is   exceedingly    fine,    and    the    thread    of    mercury 
stem   is  broken  by  a  small  air-bubble.       The  portion  of  the 

above    the    bubble   serves   as   an    index   which   is    pushed 
the    bubble   when    the    temperature   is   rising,    but   remains 

when    the    temperature    falls.      This    index   is    not    easily 
out  of  its  place,  and  with  a  very  fine  bore  the  instrument  may 

with  the  stem  vertical,  as  in  Fig.  14  which  represents  a 
'  thermometer  enclosed  in  a  strong  glass  tube  as  designed  by 
elvin  for  the  observation  of  temperatures  in  deep  wells.  The  Deep  wells. 
g  tube  is  hermetically  sealed  iind  protects  the  thermometer 
itside  pressure,  to  which  it  would  otherwise  hp  subject.  In 
er  part  of  the  case  a  small  quantity  of  spirit  surrounds  the 
Jch  places  it  in  better  thermal  communication  with  the  outside 


Pig.  18. 


Fig.  14. 


Phillips. 
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by  the  strain,  or  change  of  shape  of  a  heterogeneouB  subetanc 
inequalities  of  expansion  of  its  constituents.  Oq  this  prind[ 
several  forms  of  pocket  thermometers  and  self-registering  ther 
Br^guet's  metallic  thermometer  (Fig.  16)  is  a  good  example 
instrument  three  thin  strips  of  platinum,  gold,  and  silver  v 
together  (by  being  passed  through  a  rolling  mill)  so  as  to  fc 
■  ribbon,  the  core  of  which  is  gold  and  the  surface  layers  plai 
silver  respectively.  This  ribbon  is  then  coiled  into  a  spira 
of  which  is  held  fixed  while  the  other  carries  a  pointer  mov 
a  graduated  scale.  The  silver,  which  is  most  expansible, 
inner  face  of  the  spiral ;  and  the  platinum,  which  is  least  e 
the  outer  face.     When  the  temperature  rises  the  silver  expi 


than  the  gold  or  platinum,  and  the  spiral  unwinds  itself,  n 
pointer  round  the  scale,  the  contrary  effect  being  produced 
temperature  falls.  The  instrument  may  be  made  a  meter  b 
ing  it  by  direct  comparison  with  a  standard  thermometer 
light  index  be  placed  on  the  scale  so  as  to  move  before  the 
will  give  the  maximum  temperatui-e  during  any  period, 
index  placed  on  the  other  side  will  give  the  minimum  tei 
This  tliermometer  is  sensitive  to  very  small  changes  of  temp 
Another  class  of  strain  thcimonieter  depends  upon  the 
shape  of  a  thin  flexible  nielal  tube  filled  with  a  highly 
liquid  such  as  alcohol,  chloroform,  or  a  mixture  of  both  (Fig. 
tube  thus  filled  is  sealed  at  a  low  t«m]>erature  and  bent  into 
arc.  If  now  the  teuijieruture  rises  the  volume  of  the  contai 
.  increases,  and  tho  tube  straightens  itself  so  as  to  increase  ii 
capacity.  Hence  if  one  end  is  fi.ted  the  other  end  will 
every  variation  of  temperature,  and  if  a  pointer  be  attachei 
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motion  may  be  used  to  register  temperatures.     This  method  was  due  to 

Bourdon,  and  it  has  since  been  adopted  as  a  meteorological  recording 

instrument,  and  also  as  a  convenient  form  of  pocket  thermometer, 

which,  when  fumistied  with  a  maximum  index,  may  be  used  as  a 

clinical  thermometer. 

-i  80.  Joule's  Air- Temperature    Thermometer. — A   thermometer 

indicatea  its  own  temperature,  and  for  this  reason  it  is  diflicult  to 

[ieCermine  the  exact  temperature  of  the  air  at  any  place,  for  the 

indications  of  a  thermometer  placed  there  will  be  influenced  by  the 

radiation  of  neighbouring  bodies.     To  avoid  this  disturbing  influence 

Jonle^  invented  an  apparatus  depending   on   the 

motion  (caused  by  an  tur  current)  of  a  spiral  of  fine 

*iie  suspended  by  a  filament  of  silk,  and  carrying  a 

imall  mirror  which  reflects  a  beam  of  light  to  a 

dWant  scale.      The  spiral  wire  is  contained  in  a 

wpper  tube  (Fig.   17)  surrounded  by  another  co- 

uil  cylinder,  and  the  space  between  the  two  is 

filled  with  water,  the  temperature  of  which  is  noted 

V  means  of  a  thermometer.     The  lower  end  of  | 

tiie  tnhe  containing   the   spiral  is  furnished  w 

1  lid  which  can  slide  backwards  or  forwards,  so 

'^  open  or  shut  the  aperture  at  pleasure.     When 

I'M  tube  is  closed  the  air  within  it  comes  to  the 

'WBperature  of   the  water,  and  if  the  lid  be  now        (■in- u-Jwiiet. 

''iBowd,  an   upward   current  will   set  through    the   tube  if  the  air 

■Hhin  is  warmer  than  that  outside,  and  a  downward  current  will  set 

■o  if  the  reverse  is  the  case.     In  case  of  equality  there  will  be  no 

""Tent  and  no  deflection  of  the  mirror,  or  spot  of  light  on  the  scale. 

°Mile  found  that  a  difference  of  l"*  F.  produced  an  entire  twist  of  the 

nliineut,  and  that  the  temperature  of  the  water  when  equilibrium  was 

'^nued  was  generally  higher  than  that  indicated  by  a  thermometer 

(iposed  in  the  air  outside. 

(For   radiometers    and    sensitive    thermometers    see   Chap.    VI. 
«tiv.) 

81.  [Standard  Thermometer.— Before  we  can  measure  tcmpera- 
'"ras  with  precision,  and  compare  our  results  with  those  of  other 
obten-ers,  it  is  necessary  to  fix  on  a  standard  scale  of  temperatiire,  by 
means  of  which  all  thennometers  may  be  conipjtred  and  standardised. 
iacb  a  scale  must  be  perfectly  definite,  readily  reproducible,  and 
apable  of  indicating  very  small  diflerences  of  temperature.  Liqiiiil- 
i-ghtss  thermometers  are  not  suitiible  for  this  purpose,  for  though 
'  JonU,  FriK.  .Vaathe-iltr  Lit.  nnd  Phil.  Nik.,  vol.  vii.  p.  36. 
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they  are  capable  of  considerable  delicacy,  yet,  owing  to  the  variation 
in  the  properties  of  the  glass  envelope  with  temperature,  it  is  difficult 
to  avoid  indefiniteness.     Besides,  such  a  scale  would  not  be  readily 
reproduced  with  certainty,  since  glass  is  not  a  definite  chemical  sub- 
stance, and  it  is  by  no  means  easy  to  manufacture  glass  of  given  com- 
position and  properties,  as  would  he  necessary  in  order  to  make  all 
thermometers  give  the  same  indications.     These  objections  do  not 
apply  in  the  same  degree  to  the  use  of  a  gas  as  thermometric  substance, 
since  the  expansibility  of  a  gas  is  so  much  greater  than  that  of  its 
solid  envelope,  that  variations  in  the  properties  of  the  latter  are  of 
much  less  consequence  than  in  liquid  thermometers.     The  gas  ther 
mometer  is  also  capable  of  greater  delicacy  than  the  liquid  thermo- 
meter and  has  a  far  greater  range  of  temperatiu'e.     Theoretically,  the 
best  scale  to  adopt  as  a  standard  would  be  Lord  Kelvin's  absolute 
scale  of  temperature,^  which  is  founded  on  theoretical  principles  and 
does  not  depend  on  the  properties  of  any  particular  substance.    It  isi 
however,  not  possible  at  present  to  determine  temperatures  on  this 
scale  with  sufficient  certainty  to  justify  us  in  adopting  it  as  a  standard, 
but  it  is  desirable  that  the  scale  chosen  should  at  least  approximate 
closely  to  the  theoretically  perfect  absolute  scale.     This  condition  is 
best  fulfilled  by  the  hydrogen  gas  thermometer,   the  expansion  of 
hydrogen  (on  the  absolute  scale)  being  the  most  regular  of  all  gases, 
and  its  range  greatest.-     The  hydrogen  gas  thermometer  is  therefore 
taken  as  the  standard,  and  all  other  thermometers  compared  with  it 
ora-  Standard  thermometers  are  verified  and  supplied  by  the  Bureau 

*tiier-  International  des  Poids  et  Mesures  at  Sevres.  Thermometers  of  all 
lometers.  kinds,  whether  for  ordinary  purposes  or  for  the  most  accurate  scientific 
work,  can  be  sent  for  testing  and  tabulation  of  corrections  to  the 
National  Physical  Laboratory  at  Bushy  House,  Teddington.  I^ 
Germany  the  testing  of  thermometers  is  carried  out  at  the  Physikalisch- 
Technische  Keichsanstalt  at  Charlottenburg. 

« 

Accurate  Mp:rcurial  Thermometry^ 

82.  Correction  of  Errors. — Gas  thermometers  can  only  he  em- 
ployed under  special  conditions ;  they  are  troublesome  to  use,  and 
are  unsuited  for  general  work.  For  the  accurate  observation  of 
i)rdinary   temperatures   liquid -in -glass  thermometers   are   most  coH" 

^  Tliis  is  <liscussed  in  Chap.  VIII. 

^  Helium  i)erha|.)s  bcdiig  excepted.  But  as  helium  is  a  very  rare  element,  i** 
properties  have  not  yet  been  so  thoroughly  investigated  as  those  of  hydro^D. 

3  C.  E.  (Inillaunie,  TmiU  Pratique  de  la  Thcrmomitri^  de  Precisian.  C.  Chree* 
Phil.  Mmj.,  March  and  April  189S. 
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perature  of  its  surroundings.     For  these  reasons  mercury  is 
>re  used  than  other  liquids.] 

first  essential  condition  which  must  be  fulfilled  by  a  good 
teter  is  that  it  must  always  give  the  same  reading  when 
d  again  and  again  to  the  same  temperature.  Thus  when 
a  melting  ice  the  reading  should  always  be  the  same,  no 
rhat  variations  of  temperature  the  instrument  has  suffered,  or 
g  the  interval,  between  two  such  comparisons.  For  this 
not  only  should  the  volume  of  the  mercury  be  always  ^he 

the  same  temperature,  but  glass  should  also .  satisfy  this 
I,  or  at  least  the  appvarent  volume  of  mercury  in  glass  should 
8  the  same  at  the  same  temperature.     This,  however,  is  not 

Glass  when  heated  and  allowed  to  cool  does  not  immediately  Secular 
)  its  original  volume.     It  is  in  some  degree  plastic,  and  after  ^^^^  "^°* 
sen  highly  heated  or  strained  a  process  of  gradual  recovery 
for  a  long  time  aftenvards.     For  this  reason  the  reading  of  a 
leter  depends  not  only  on  its  actual   temperature  but  also  to 
ent  on  the  previous  history  of  the  glass.     After  a  thermometer 

filled  and  sealed  the  capacity  of  the  bulb  gradually  diminishes 
lit  extent  and  its  zero  rises,  rather  rapidly  at  first,  and  then 
wly  for  years  afterwards.^  By  properly  annealing  the  tubes 
ing  them  for  several  years  before  dividing  them,  this  defect 
very  largely  if  not  entirely  got  rid  of ;  and  it  can  in  any  but 
lew  thermometer  be  easily  allowed  for  in  reducing  observa- 
rhis  change  of  zero,  be  it  noticed,  is  believed  to  occur,  how- 
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intervals  extending  over  a  period  of  nearly  forty  years,  and  showed 
this  gradual  rise  of  the  zero.  The  change,  however,  was  exceedingly 
slow  in  the  later  years.  Thirteen  scale  divisions  corresponded  to 
1""  F.,  and  the  reading  of  the  zero  point  was  found  as  follows,  in  scale 
divisions : — 


Date. 

Zero  Rtwliiig. 

Date. 

1 
Zero  Reading. 

April  1844 

0 

December  1860 

11-1 

February  1846 

'            .Vo 

March  1867 

11-8 

Juiiuarv  1848 

6-6 

February  1870 

121 

April  LS48 

6-9 

1873 

12-2 

February  1853 

8-8 

January  1877 
November  1879 

12-71 

April  1S56 

9-5 

12-92 

December  1882 

13*26 

fepression  [When  we  expose  a  thermometer  to  changes  of  temperature,  » 
further  defect  presents  itself,  which  for  thermometry  of  the  highest 
accuracy  is  much  more  troublesome.  Within  certain  limits  the 
increase  of  volume  in  glass  accompanying  rise  of  temperature  from, 

• 

sayf  /  to  /'  does  not  wholly  disappear  at  once  when  the  temperature  w 
rapidly  reduced  to  t.  A  thermometer  taken  through  such  a  cycle 
reads  lower  on  the  second  exposure  to  the  lower  temperature.  Thw 
phenomenon  is  conspicuous  Avhen  we  compare  ice-readings  taken 
immediately  before  and  after  exposurr  to  temperatures  between  50**  C 
and  100°  C. ;  the  depression  of  znOy  as  it  is  called,  is  greater  the  higher 
the  previous  temperature.  Kxposure  for  only  a  minute  or  two  to  » 
high  temperature  is  only  jmrtially  effective ;  but  twenty  or  twenty-five 
minutes  exposure  usually  produces  practically  the  full  effect.  On  the 
other  hand,  the  depression  t^ikes  a  considerable  time  to  disappear;  i^ 
is  a  question  of  days  or  even  weeks  if  the  high  temperature  ha« 
approached  lOO''  C. 

Both  the  rise  and  depression  of  zero  just  noticed  are  evidently  due 
to  \lie  same  cause,  a  hysteresis  in  the  glass  or  lag  in  completely 
recovering  from  the  expansion  produced  by  heating.  In  the  case  oi 
the  secular  change  of  zero,  the  thermometer  is  gradually  recovering 
from  the  effect  of  heiiting  during  manufacture.  In  Dr.  Guillaumes 
work  on  thermometry,  already  referred  to,  this  property  of  glass  W 
called  residmil  expansmi} 

In  the  more  infusible  kinds  of  glass  the  residual  expansion  is  leitft 
and  the  recovery  most  rapid.  Hitherto  at  the  Bureau  IntemationJ 
attention  has  been  mainly  directed  to  a  standard  glass,  French  nerrt 

^  *'  JU'sidus  lie  dilatnUoiu''    See  note,  \\  US,  for  reference  to  Dr.  Guillaomes 
work. 
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r,  at  temperatures  between  -  30°  C.  and  100°  C.     At  the  Reichsan- 
ilt  certain  Jena  glasses,  notably  16'"  and  59'",  have  been  examined 
Bunilar  detail     The  conclusion  reached  for  these  glasses,  throughout  '*  ^o^ 
least  this  range,  is  that  the  difficulty  can  be  met  by  treating  a  read-  metho 
g  Zt  in  ice  immediately  after  the  measurement  of  any  temperature  t  readii 
» the  zero  of  the  thermometer  for  the  preceding  observation.     This 

equivalent  to  the  conclusion  that  the  residual  expansion,  whose 
cistence  is  made  manifest  by  the  depression  of  zero,  remains  practi- 
illy  unchanged  during  the  brief  interval  required  to  obser\'e  both  i 
id  Zt,  If  t  has  been  preceded  by  a  higher  temperature  the  residual 
feet  is  in  reality  larger,  but  it  depresses  equally  the  readings  t  and  Zt. 
be  method  of  a  movable  zero  requires  that  in  determining  the  funda- 
ental  interval  the  boiling  point  100°  C.  be  first  determined,  and  that 
le  ice-reading  z^^^  be  taken  immediately  after. 

The  ordinary  practice  in  this  country  proceeds  on  the  hypothesis  '*  Fixe 
ijiaxd  zero.  In  determining  the  fundamental  interval  the  observa-  ^^j,^ 
3n  of  the  ice  point  precedes  that  of  the  boiling  point ;  and  in  ordinary 
56  \ke  observed  departure  from  0°  C.  in  a  preliminary  observation  in 
B  is  applied  as  a  constant  correction  at  all  points  of  the  scale.  The 
Utive  merits  of  the  movable  zero  and  fixed  zero  methods  will  be 
wassed  later  on. 

88.  Lag  of  Thermometer. — Another  source  of  error  is  the  fact 
*t  thermometers  require  a  sensible  time  to  follow  a  change  of 
mperature.  This  lag  in  a  mercury  thermometer  increases  with  the 
MB  of  the  mercury  and  the  thickness  of  the  glass.  It  also  depends 
I  the  nature  of  the  surrounding  medium.  A  clinical  thermometer, 
r  instance,  initially  at  15°  C,  will  rise  to  the  temperature  of  the  body 
*ter  in  a  moist  than  in  a  dry  mouth,  and  much  faster  in  a  well-stirred 
icket  of  water  than  in  either.  In  still  air,  where  temperature  is 
^ring  rapidly,  two  adjacent  thermometers  of  different  sluggishness 
»y  differ  by  degrees. 

If  the  medium  in  which  the  thermometer  is  immersed  preserves  a  Deten 
lifonn  temperature,  the  thermometer  will  soon  attain  that  tempera-  ^**°  ° 
^  and  no  correction  is  necessary.  Let  the  time  be  measured  along 
straight  line  AB  (Fig.  1 8),  and  let  the  ordinates  represent  differences 
temperature  between  the  thermometer  and  the  medium.  Then  if 
e  instrument  is  plunged  in  a  fluid  warmer  than  itself  whose  tempera- 
re  is  kept  constant,  its  rise  of  temperature  will  be  represented  by  a 
rve  PQ.  At  Q  the  difference  of  temperature  has  become  too  small 
observe.  When  the  reading  of  the  thermometer  ceases  to  vary,  the 
nperature  indicated  will  be  that  of  the  medium. 

The  most  frequent  case  which  occurs  in  the  laboratory  is  that  of  a 
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►ressure 
oefficient. 


Fig.  l«. 


medium  whose  temperature  varies  in  some  continuous  manner.  In 
such  a  case  we  may  apply  a  correction  as  follows.  Suppose  that  the 
temperature  is  gradually  rising.  Let  the  curve  DE  (Fig.  19)  represent 
the  rise  of  temperature  as  indicated  by  the  thermometer.     Then,  owing 

to  lag,  the  actual  temperature  of  the 
medium  will  be  somewhat  greater 
at  every  point.  Let  another  ex- 
periment be  made,  in  which  the 
thermometer  is  immersed  in  a 
similar  medium  preserved  at  a  con- 
stant temperature  by  some  thermostat  arrangement,  and  let  the  curve 
PQ  (Fig.  1 8)  be  plotted  for  this  experiment.  If  we  assume  that  the  lag 
of  •the  thermometer  depends,  not  on  the  absolute  temperature  of  the 
surrounding  fluid,  but  only  on  the  rate  at  which  that  temperature  is 
changing,  we  may  obtain  the  actual  temperature  by  finding  a  point  M 
on  PQ,  where  the  slope  of  the  curve  is  the  same  as  that  of  the  curve 
DE  at  any  point  N  (Fig.  1 9).  Since  the  slope  of  the  curve  measures 
the  rate  of  change  of  temperature  and  therefore  the  amount  of  hig, 
the  lag  at  N  is  the  same  as  at 
M,  and  thus  by  adding  an  amount  Temp, 
NF  =  MC  to  the  ordinate  at  N, 
we  find  a  point  F  giving  the 
actual  temperature  of  the  medium. 
Continuing  this  process  for  a  suc- 
cession of  points,  we  get  a  curve 
representing  the  corrected  tem- 
peratures. Pjg  ij, 

If  T  denote  time,  t  the  ther- 
mometer reading,   and    t  the  temperature  of   its    surroundings,  the 
formula  usually  advanced  to  represent  the  phenomena  is — 


Time 


dt 


+  X  (^-r)  =  0. 


where  A  is  a  constant.     The  solution  of  this  differential  equation  w 

where  t„  is  the  value  of  /  when  T  =  0.     The  value  of  A  is  determined 
by  observing  the  lag  when  the  temperature  of  the  surroundings  is  kep 
constant,  as  just  descrilied.     The  mean  of  a  number  of  determinations 
should  be  taken. 

84.  Pressure  Coefficients. — The  application  of  increased  pressure 
to  the  outside  of  a  thermometer,  whether  through  rise  of  barometric 
pressure  or  immersion  in  a  liquid,  compresses  the  glass  and  reduces  »»* 
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a1  Tolume.  This  makes  the  mercury  rise  in  the  stem,  and, 
eing  the  increase  in  pressure  uniform  over  the  outer  glass  surface, 
186  bears  to  the  increase  in  pressure  a  constant  ratio,  known  as 
^ierfial  pressure  coefficient.  The  unit  of  pressure  usually  employed 
.t  of  a  millimetre  column  of  mercury  at  0°  C,  the  rise  in  the  stem 
measured  in  degrees.  Knowing  the  external  pressure  coefficient, 
an  calculate  the  correction  necessary  to  reduce  the  readings  taken 
the  thermometer  under  any  known  external  pressure  to  what 
would  have  been  under  the  standard  pressure. 

igain,  when  the  horizontal  position  is  adopted  as  the  standard  internal 
fts  is  done  at  the  Bureau  International  and  the  Eeichsanstalt,  a  P^^5® . 

/       coefficient 

ction  is  necessary  when  the  thermometer  is  read  in  the  vertical 

ion,  to  allow  for  the  influence  of  increased  internal  pressure.     This 

are  expands  the  bulb  and  compresses  its  contents,  both  effects 

ibuting  to  lower  the  reading.     If  we  treat  the  internal  pressure 

liformly  distributed  and  proportional  to  the  length  of  the  mercury 

on  measured  from  the  centre  of  the  bulb,  we  can,  by  observing 

iifference  in  the  readings  of  a  thermometer  when  vertical  and 

I  horizontal  at  any  one  temperature,  calculate  an  intei-rud  pressure 

ietU,     This  may  conveniently  be  the  ratio  of  the  observed  rise  of 

ng  in  degrees — when  the   thermometer  is  transferred   from   the 

cal  to  the  horizontal  position — to  the  length  of  the  mercury  column 

ured  in  millimetres.     Knowing  the  internal  pressure  coefficient, 

an  calculate  a  table  giving  the  correction  for  internal  pressure  to 

}plied  to  any  reading  taken  with  the  thermometer  vertical. 

applying  the  mathematical  theory  of  elasticity,   Guillaume  has  Relation 

iCed  a  very  simple  relation  between  the   external  and  internal  ^*^«e» 

Z  .  r^      .        coefficients. 

{ure  coefficients,  measured  of  course  in  the  same  units.  Calling 
)  coefficients  /^^  and  pi  respectively,  this  relation  may  be  written 

re  c  is  proportional  to  the  difference  between  the  compressibility  of 
lury  and  that  of  the  particular  glass  of  which  the  thermometer  is 
e.  Thus  in  all  thermometers  of  the  same  glass  f^i  -  pe  should  be 
tant.  Taking  the  units  recommended  above,  viz.  rise  of  1°C.  in 
ing  and  1  mm.  of  mercury  pressure,  the  results  deduced  at  the 
iau  International  ^  and  the  Keichsaustalt  -  are  as  follows  : — 


Glass. 

^l-^r. 

Verre  dur 

•00001  r>4 

Jena  glass  16'" 

•0000143 

KVkUl 

•0000138 

^  Thcnnain^frie,  pj).  102,  103. 
2  JViss.  AbhiindL,  vol.  i.  p.  70,  1894. 
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The  proof  of  the  foregoing  relation  as  given  by  Guillaume  is  not 
quite  satisfactory.  A  rigid  mathematical  demonstration  has  however 
been  given  by  C.  Ghree,^  who  shows  that  the  relation  is  exact  under 
two  restrictions — absolute  homogeneousness  in  the  glass,  and  uniformity 
in  the  distribution  of  the  external  and  internal  pressures  over  their  re- 
spective surfaces,  inclusive  of  bulb,  stem,  and  any  auxiliary  chambers. 
These  conditions  are  sufficiently  nearly  realised  in  practice. 

In  determining  p^  the  thermometer,  immersed  in  a  liquid,  is 
exposed  to  various  air  pressures,  from  an  atmosphere  downwards. 
The  fact  that  the  changes  of  pressure  tend  to  affect  the  temperature 
of  the  liquid  is  pointed  out  in  the  publication  of  the  Reichsanstalt,' 
and  it  is  apparently  recommended  that  water — preferably  near  4°  C.— * 
should  be  used  rather  than  glycerine  or  mercury.* 

Observations  of  the  thermometer  alternately  in  the  vertical  and 
horizontal  positions,  at  any  convenient  temperature,  supply  the  means 
of  calculating  P,-.  There  is  some  uncertainty,  however,  due  to  capil- 
larity and  the  unsymmetrical  shape  of  the  meniscus  in  the  horizontal 
position.  On  this  account  (Tuillaume  recommends  that  it  be  deduced 
from  the  observed  value  of  ^g  by  means  of  the  theoretical  relation 
between  the  two  coefficients. 

By  adopting  the  vertical  as  the  standard  position,  the  practice 
followed  at  the  National  Physical  Laboratory,  the  necessity  for  an 
internal  pressure  correction  can  usmilly  be  avoided,  at  least  for  accuracy 
of  the  order  O'^'Ol  C.  When  the  stem  is  vertical  the  reduction  of  the 
reading,  like  its  two  contributory  causes,  expansion  of  the  bulb  and 

• 

compression  of  the  niorcury,  is  proportional,  at  least  as  a  first  approxi- 
mation, to  the  length  of  the  mercury  column  measured  from  the  middle 
of  the  bulb  ;  but  in  an  ordinary  thermometer  increment  of  stem-lengtn 
is  sufficiently  nearly  proportional  to  increment  of  reading.  Hence  at 
any  temperature  /  the  depression  due  to  internal  pressure  is,  in  stem 

divisions,  <y  +   ,  where  ^>  and  q  are  constants  for  the  thermometer. 

Thus  to  make  a  Bureau  International  thermometer  register  co^ 
rectly  in  the  vertical  position,  we  need  only  lower  the  freezing-poiot 
mark  //  divisions  below  the  point  answering  to  a  horizontal  reading* 

and  shorten  each  degree  division  by  -  of  itself.     This  obviously  com^ 

to  the  same  thing  as  marking  the  freezing  and  boiling  points  with  the 

^  Phil.  Mag.,  Oct.  1894. 

-    IVisH.  Ahfuiadl.,  vol.  ii.,  1895,  pp.  7,  8. 

=»  Sim;  Lord   Kt-lvin's  Mnth,  and.  Phi/.f.  Papers,  vol.  iii.  pp.  236-239.     Also  Jouic 
/V//7.  Trttjis'.,  18r>9.  i>p.  13IM36.     The  teini)erature  of  water  at  4"^  C.  is  not  altered  by  - 
a  moderate  cliange  of  pressure. 
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3rmometer  vertical  and  subdividing  the  fundamental  interval  in  the 
aal  way. 

Under  ordinary  conditions  the  external  pressure  correction  is  of 
[fling  importance  compared  with  the  internal  pressure  correction, 
jt  if  the  thermometer  is  immersed  in  a  heavy  liquid  such  as 
ercury,  or  in  a  gas  under  pressure  differing  appreciably  from 
lat  of  the  atmosphere,  the  correction  may  be  of  the  order 
•01  C. 

85.  Error  due  to  CapiUarity. — The  attraction  of  the  mercury 
uticles  for  each  other,  which  gives  rise  to  the  phenomenon  of  surface 
msion,  and  which  manifests  itself  by  the  curved  meniscus  at  the  free 
nd  of  the  column,  serves  a  useful  purpose  in  ensuring  the  return  of 
le  liquid  into  the  bulb  when  the  temperature  is  falling.  The  surface 
jnsion  of  mercury  undergoes  a  slight  regular  diminution  with  rise  of 
smperature.  If  the  pressure  due  to  surface  tension  varied  with  the 
ime  regularity,  no  correction  would  be  required  on  account  of  it,  as 
be  8ame  conditions  exist  when  the  fixed  points  of  the  thermometer 
re  being  determined.  Several  causes,  however,  contribute  in  pro- 
ocing  irregular  changes  in  the  internal  pressure,  and  thus  lead,  in 
he  indications  of  delicate  thermometers,  to  variations  of  which  it  is 
€iy  difficult  to  take  account,  and  which,  more  perhaps  than  any  other 
thenomenon,  assign  the  limit  of  precision  w^hich  it  is  possible  to  attain 
nth  the  mercury  thermometer. 

Differences  in  the  diameter  of  the  tube  at  different  points  are  an  EflFect  of 
mportant  cause  of  variation  in  the  interior  pressure.     In  calibrating  a  ^*°^^  "* 
hermometer  measurements  are  made  of  the  bore  at  successive  parts  of 
he  stem,  but  as  these  only  give  the  mean  value  of  the  bore  over  a 
'hort  length   of  tube,  they  are  not  much  affected  by  considerable 
^regularities  extending  over  very  short  portions  only. 

Further,  owing  to  the  capillary  attraction  which  exists  between  Attraction 
fUercury  and  glass,  the  angle  of  contact  between  the  liquid  and  the  o' »n«J^yy 
•ides  of  the  tube  depends  on  whether  the  temperature  is  rising  or 
Wling.  If,  for  instance,  the  tempemture  is  falling,  the  free  surface  is 
^ter  than  if  it  were  rising,  and  if  a  feeble  rise  of  temperature  should 
^e  place,  the  first  effect  would  be  an  increased  curvature  of  the 
'i^eniacus,  and  the  resulting  increase  of  internal  pressure  might  expand 
the  bulb  sufficiently  to  allow  for  the  expansion  of  the  mercury  without 
^y  rise  in  the  stem.  A  rising  column  will  always  read  somewhat 
Wr  than  a  falling  one  at  the  same  temperature. 

The  angle  of  contact  is  also  somewhat  affected  by  slight  changes  in 
toe  nature  of  the  interior  siu-face  of  the  glass,  such  as  would  be  caused 
oy  the  stem  having  been  strongly  heated  at  any  point. 
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To  correct  for  .errors  due  to  such  vamtiooa  in  the  bore  u  k 
detected  during  calibration,  Guillaume  employs  the  formula 


where  p  is  the  capillary  pressure,  r  the  radius  of  the  tube,  and  c  • 
constant  whose  value  he  finds  to  be  33-4  in  milligrammes  per  milli 
metre. 

As  the  rise  of  the  mercury  in  the  stem  is  less  disturbed  by  tb 
capillaiy  attraction  of  the  glass  than  its  fall,  the  best  practice  ia  b 
arrange,  if  possible,  to  make  all  readings  with  a  rising  column. 
s^  86.  Emer^nt  Column. — Elementary  theory  assumes  all  the  gUi 
and  mercury  of  a  thermometer  to  be  at  one  temperature.  Even  ii 
well-stirred  baths  in  physical  laboraton'ea  this  is  rather  an  ideal  state  o 
matters.  In  ordinary  use  there  is  often  an  appreciable,  sometimM  i 
long,  mercuiy  column  exposed  to  a  temperature  difiering  from  thtt  o 
the  bulb.  This  is  especially  true  of  thermometers  employed  t 
measure  the  tempemture  of  a  liquid  which  1 
largely  in  excess  of  that  of  the  surrounding  aii 
In  such  a  case,  if  a  long  mercury  column  bt 
emergent,  the  thermometer,  if  correct  will  re* 
considerably  below  the  true  temperature  of  lb 
liquid.  An  approximate  correction  may  bi 
obtained  by  supposing  the  immersed  part  e 
the  thermometer  to  be  unaffected  by  the  evi^ 
crice  of  the  emergent  part,  and  assuming  d>' 
whole  emergent  part,  glass  and  mercurj",  to  b* 
at  one  temperature. 

Let  the  liquid  reach  to  the  division  f,  on  tbt 
stem  (Fig.  20),  let(  l>e  the  temperature  read,/' tb* 
temperature  assigned  to  the  emergent  coliuW' 
X  the  required  correction,  v„  the  volume  at  0°C 
of  one  st«m-di vision,  and  m  and  g  the  coefficienU 
^^  P      <  of  expansion  '  of  mercury  and  glass. 

r  i-^'TTTT-J,  i  The  volume  of  the  emergent  mercwy  i» 

Fia.  -10.  and  its  temperature  is  f.     If  its  tempenUar< 

were  i-aised  to  /,  its  volume  would  become 


!'-f.](l+i<')-l. 
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and  it  would  give  the  true  reading.     But  its  volume  on  rising  to  the 
true  reading  point  should  be 

therefore 

whence 
where 


Vo{t-h){l-¥9n\^^  =  v^{t  +  x-t,){l+gt\ 


x=:e{t-ti){t~t'), 
m-g 

^=(r-f^)(f+^/i<') 


=  m-g        approximately ; 

SO  that  e  is  approximately  the  reciprocal  of  the  number  of  degree 
volumes  included  in  the  bulb  up  to  the  zero  mark.  It  is  a  constant 
for  any  particular  kind  of  glass,  and  in  all  ordinary  kinds  of  glass  it  is 
a  little  less  than  1/6000.  Knowing  the  glass,  we  should  at  once  know 
the  correction,  provided  we  knew  t\ 

In  reality,  of  course,  the  emergent  column  varies  in  temperature 
from  base  to  summit^  so  that  f  must  be  regarded  as  its  mean  tempera- 
ture. To  determine  f  directly,  the  Reichsanstalt  employ  a  Faden- 
thermometer  (see  Fig.  20),  placed  apparently  with  its  very  elongated  bulb 
closely  adjacent  to  the  emergent  column.  Taking  the  reading  of  this 
auxiliary  thermometer  for  /',  and  replacing  e  by  1/6100,  they  claim  to 
obtain  with  thermometers  of  Jeiia  glass  59'"  corrected  temperature- 
readings  which  are  consistent  to  O^'l  C.  even  up  to  500°  C.  This 
practice  of  the  Reichsanstalt  seems  a  development  of  an  idea  which 
originated  with  Regnault. 

Dr.  Chree  has  obtained  good  results  by  employing  the  formula 

x=C{t-t{i{t-t') 

of  the  same  type  as  the  last,  but  where  /'  denotes  the  temperature  of 
the  room.  For  experiments  conducted  under  similar  conditions  C  is 
a  constant  for  any  particular  thermometer,  but  varies  from  one 
instrument  to  another.  It  is  determined  experimentally  for  each 
instrument.] 

"^  87.  Calibration  of  the  Tube. — If  it  is  agreed  to  measure  equal 
increments  of  temperature  by  equal  increments  of  the  volume  of  some 
chosen  substance  contained  in  a  glass  envelope,  it  will  be  necessary 
to  divide  the  stem  of  the  thermometer  into  parts  of  equal  capacity. 
Thermometer  tubes  are  drawn  and  not  bored,  so  that  inequalities 
generally  exist  in  the  diameter  of  the  capillary  bore,  and  equal  lengths 
will  not  have  equal  capacities  from  part  to  part  of  the  tube.  To  test 
this  a  thread  of  about  20  or  30  mm.  of  mercury  (Fig.  21)  is  placed  in 
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the  tube  and  moved  from  part  to  part  of  its  length.  This  may  be  con- 
veniently effected  by  gently  blowing  into  a  piece  of  india-rubber  tubing 
fastened  to  one  end  of  the  tube.  In  each  position  there  will  be  dight 
variations  found  in  the  length  of  the  thread  as  it  is  moved  from 
place  to  place,  but  if  any  considerable  variation  is  detected  the  tube 
should  be  rejected  and  one  of  more  uniform  bore  sought.  In  order 
to  measure  equal  rises  of  temperature  by  equal  increments  of  volume, 
it  is  necessary  to  know  the  capacity,  or  volume  per  unit  length,  of  the 
stem,  in  terms  of  its  capacity  at  some  selected  part.  The  process  of 
effecting  this  is  termed  caliWa^ion, 

One  method  often  practised  is  to  measure  the  length  of  the  column 
in  some  chosen  position  AB,  and  then  displace  it  into  the  position  BC, 
the  extremity  which  was  previously  at  A  now  occupying  the  position  R 
By  repeating  this  process  the  tube  is  divided  into  lengths  l^,  /j,  /^  etc., 


Viii.  I'l. 


of  e(iual  capacity.  Rich  of  these  lengths  is  again  subdivided  by 
the  dividing  engine  into  n  jijirts,  and  each  of  these  parts  is  called  « 
degree.  The  division  by  this  method,  which  is  known  as  Gay-Lussac's 
8tep-))y-step  method,  gives  a  senile  which  is  discontinuous,  each  degree 
in  the  length  /^  being  IJn,  while  those  in  the  adjacent  length  /,  are 
each  of  length  lyti.  This  method  of  division,  when  well  perform^  ^ 
susceptible  of  considerable  accuracy,  and  was  used  by  Regnault,  but  the 
discontinuity  of  the  sc«ile  is  for  many  reasons  objectionable,  especially 
if  at  any  time  it  is  desired  to  again  calibrate  the  instrument,  when  » 
troublesome  correction  will  be  necessary  on  account  of  the  unequal 
lengths  of  the  degrees  at  different  parts  of  the  stem.  The  process  of 
placing  the  thread  so  that  the  end  shall  be  exactly  at  any  given  point  i8 
by  no  means  easy,  and  it  facilitiites  matters  much,  without  diminishing 
the  accuracy,  if,  instead  of  trying  to  bring  the  thread  AB  into  the 
Ix)sition  BC,  we  simply  bring  the  end  A  to  a  position  Aj  (Fig.  22),  fairly 
near  B,  and  measure  the  error.  Let  this  be  x^^  Then  if  the  length 
be  /j  in  the  position  A^Bj,  we  have  r^j  =  BAj,  and  the  corrected  distance 
of  Bj  from  A  is  AB^  -  w^^^^.  This  is  the  point  to  which  the  end  A^  of  the 
thread  must  be  brought  in  the  thin!  position  A^B^,  so  that  if  BiAj=== 
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a;^2  the  theoretic  position  of  A3  will  be  ABg  -  x^^  -  x^^  and  so  on. 

From  this  it  will  be  seen  that  in  the  step-by-step  process  of  division 

the  errors  are  cumulative,  and  if  they  should  happen  to  be  all  of  the 

same  sign  a  considerable  error 

in  the  indications   of   the  in-   — ^ ■ — '^i  i\f\^ — 1 TfTnT 

strument   may   be   ultimately 

introduced.         In    all     cases, 

while  the  process  of  calibration 

is  being  carried  out,  the  tem- 
perature of  the  tube  should  be  kept  uniform  and  constant  in  all  parts ; 

and  the  handling  of  the  tube,  or  touching  it  with  the  hands  on  any 
part  except  the  extremities,  if  it  be  necessary  to  move  it,  should  be 
avoided. 

A  preferable  system  is  to  first  furnish  the  tube  with  a  uniform 
millimetre  scale,  and  then  correct  for  inequalities  of  the  bore,  as 
well  as  for  any  want  of  uniformity  which  may  exist  in  the  scale. 
Errors  of  the  latter  sort  are  not  infrequent,  and  may  arise  either  from 
some  fault  of  the  dividing  engine,  or  from  some  external  cause,  such 
^  a  variation  of  temperature,  or  a  displacement  of  the  tube,  during 
the  process  of  division.  To  mark  the  scale  the  tube  is  first  covered 
^th  a  uniform  film  of  engravers'  varnish,  and  the  lines  are  scratched  Engraving 
on  this  with  a  fine  steel  point  which  lays  bare  the  glass.  The  tube  is  ' 
then  submitted  to  the  action  of  hydrofluoric  acid  gas,^  which  attacks 
the  glass  where  it  is  exposed  along  the  scratches.  This  scale  might 
^^  be  marked  directly  on  the  glass  by  means  of  a  diamond  point,  but 
iines  drawn  on  glass  in  this  manner  are  ragged  in  outline,  and,  besides 
Weakening  the  tube,  are  sometimes  so  broad  and  uneven  that  it  is 
difficult  when  viewing  them  through  a  microscope  to  fix  with  accuracy 
the  point  on  the  stem  to  which  the  centre  of  the  mark  corresponds. 

The  calibration  of  such  a  tube  is  most  easily  performed  before  the 
hulb  is  attached,  for  in  this  case  there  is  no  difficulty  in  introducing, 
^d  moving  about  in  it,  a  thread  of  mercury  of  any  length  desired.  A 
balb  may  afterwards  be  blown  on  one  end,  or  a  previously -prepared 
hulb  may  be  sealed  to  it.  In  all  cases,  however,  the  bulb  should  be 
^e  of  the  same  glass  as  that  which  forms  the  stem,  and  for  this  reason 
*t  is  perhaps  better  to  blow  the  bulb  on  the  tube  either  before  or  after 
^libration.  In  the  former  case  the  instrument  is  filled  and  sealed  so 
*5  to  be  suitable  for  the  range  of  temperature  for  which  it  is  intended, 
^  a  thread  of  mercury  of  the  proper  length  may  be  detached  from 
the  main  mass  in  the  bulb  in  the  following  manner.^ 

'  The  gas  leaves  a  distinctly  visible  mark,  but  the  liquid  solution  of  the  gas  leaves 
^BJirk  which  is  scarcely  vi^ibJe.  .  ^  Guillaume,  Thenncfjn^rU,  p.  43. 

K 
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Detach-  [The  thermometer  being  held  in  a  vertical  position,  with  the  bulb 
thread^  upwards  and  the  other  end  resting  on  the  middle  finger  of  the  right 
hand,  light  jerks  in  a  downward  direction  are  given  to  it^  which  cause 
the  mercury  to  descend  into  the  stem ;  by  a  rapid  movement  of  the 
right  hand  the  thermometer  is  turned  round  and  tapped  across  a  finger 
of  the  left  hand,  producing  a  separation  of  the  mercury  at  the  neck  of 
the  bulb.  The  instrument  is  now  held  in  a  horizontal  position  with 
the  detached  portion  of  mercury  in  any  convenient  position  and  the 
reading  of  its  lower  end  is  carefully  noted ;  the  bulb  is  then  warmed 
till  the  mercury  in  it  regains  the  detached  thread.  It  will  be  found 
that  the  column  can  readily  be  broken  again  at  the  point  of  the  tube 
where  the  junction  hjvs  taken  place.  All  that  is  necessary  in  order  to 
detach  a  thread  of  required  length  is  to  allow  the  thermometer  to  cool, 
keeping  it  horizontal,  and,  as  soon  as  the  mercury  stands  at  the  desired 
distance  beyond  the  point  of  junction,  to  give  it  a  slight  longitudinal 
jerk,  which  ^vill  separate  the  upper  portion. 

The  separation  of  the  mercury  is  provoked  by  the  presence  of  a  small 
air-bubble,  which  attaches  itself  to  the  walls  of  the  tube  at  the  moment 
when  junction  takes  place,  and  is  not  carried  along  by  the  mercury.] 

The  measurement  of  the  length  of  the  thread  at  any  part  of  the 
tube  is  made  by  means  of  a  horizontal  cathetometer,  the  tube  being 
placed  horizontally,  or  by  means  of  a  microscope  movable  in  a  hon- 
zontal  slot  parallel  to  the  tube,  so  that  it  is  possible  to  slide  it  along 
to  view  any  division  of  the  stem.  In  this  process  a  difficulty  arises 
from  the  fact  that  the  divisions  on  the  outside  of  the  stem,  and  the 
thread  of  mercury  'vvithiii,  are  at  different  distances  from  the  object 
gliiss,  and  will  consequently  not  be  in  focus  at  the  same  time,  so  that 
if  the  microscope  is  first  adjusted  to  view  the  thread  of  mercury,  and 
then  moved  till  the  scale  is  in  focus,  and  the  cross  wire  coincides  with 
the  nearest  division  of  the  scale,  a  change  in  the  position  of  the  line  of 
coUimation  may  occur  which  will  render  the  reading  inaccurate.  To 
avoid  this  Mr.  F.  1).  Brown  ^  employed  a  split  lens  arrangement,  by 
which  both  the  scale  and  thread  may  be  viewed  at  the  same  time,  and 
the  reading  of  the  end  of  the  thread  made  without  altering  the  focus 
of  the  microscope.  This  consisted  in  placing  a  half  lens  before  the 
object  glass  of  the  microscope,  which  had  the  effect  of  bringing  the 
focus  of  half  the  field  nearer  the  object  glass.  Hence,  by  properly 
adjusting  the  distance  of  the  half  lens,  the  scale  may  be  seen  through 
the  half  lens  at  the  same  time  as  the  thread  of  mercury  is  viewed 
through  the  uncovered  part  of  the  object  glass. 

The  end  of  the  thread  should  not  be  placed  under  a  scale  mark, 

»  F.  D.  Brown,  Phil,  3f(tg.,  vol.  xiv.  p.  67,  1882. 
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for  the  division  lines  are  often  ragged,  and  their  width,  even  in  the 
best  scales,  is  a  source  of  error,  hiding  the  end  of  the  thread  so  that 
its  reading  cannot  be  taken  accurately.  It  is  much  better,  therefore, 
to  place  the  end  of  the  thread  beyond  the  scale  mark,  and  to  estimate 
its  distance  from  the  centre  of  the  mark. 

The  length  of  the  thread  at  any  part  of  a  tube,  divided  into  parts 
of  equal  length,  gives  the  mean  capacity  of  each  division  at  that  part 
of  the  tube,  so  that  by  sliding  the  thread  about  in  the  tube,  and 
measuring  its  length,  the  capacities  of  the  various  divisions  may  be 
tabulated  and  compared.  This  is  most  easily  done  graphically.^  Thus 
if  when  one  end  of  the  thread,  which  we  shall  call  the  neai'  end,  is  at  the 
division  x^  (Fig.  23)  its  length  is  y^,  and  if  when  the  same  end  is  at  x^ 
the  length  is  y^  and  so  on,  then  by  measuring  the  lengths  x^,  x^,  etc., 
along  a  line  OX,  and  erecting  perpendiculars  j^P^,  x.^^^  etc.,  we  obtain 
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Fig.  23.— Calibration  curve. 

a  series  of  points  P^,  Pg,  Pg,  etc.,  the  co-ordinates  of  which,  with 
respect  to  the  axes  OX  and  OY,  are  ic^  y^\  x^,  y.^;  x^,  y^,  etc.  By 
making  a  great  number  of  measurements  the  points  P  can  be  brought 
as  close  together  as  desired,  and  a  continuous  curve  will  be  formed  by 
joining  them  together.  This  curve  will  give  a  general  idea  of  the 
form  of  the  bore  (if  any  part  of  it  shows  great  irregularity  it  should 
be  again  explored  with  the  thread),  and  will  be  such  that  the  ordinate 
(//)  at  any  point  is  equal  to  the  length  of  the  thread  when  its  near  end 
is  at  the  distance  x  from  the  point  on  the  scale  represented  by  0, 
and  which  may  be  chosen  for  the  zero  of  graduation  if  desired.  Hence, 
if  the  distance  from  x^  to  x^  be  equal  to  y^,  while  that  from  a^g  to  x^  is 
equal  to  y^  and  so  on,  the  intervals  between  x^y  x^,  x^  will  correspond 
to  lengths  of  the  bore  which  have  equal  capacities.  If  then  the  column 
is  contained  n  times  between  any  two  points  Xn+x  and  a-^,  we  have 

Thus  there  are  n  parts  of  equal  capacity  between  x^  and  ar^^,,  and  the 
capacity  of  each  is     that  of  the  whole  interval.     Consequently,  if  the 

*  Silas  W.  HolmaD,  Proc.  American  Academy  of  Arts  and  Sciences^  vol.  xvii. 
p.  157,  1881-82. 
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true  reading  at  Xj  is  ^j,  then  the  true  reading  at  .r^  is  x^  +  -{Xn+i-^i\ 

while  the  trae  reading  at  ^-3  is  x^  +  -(a»+i  -  ^r^),  and  so  on.^ 

Hence,  since  the  error  at  jr^  is  by  supposition  zero,  the  error  at  z, 
is  the  difference  between  the  tnie  reading  w^  +  -{Xn+i  -  x^)  and  the 
scale  reading  x^ — 

error  at  a:^=ar|  +  ^j-„+i  -  r,)  -  r.^, 

error  at  J-s=a:i  +  ^^(jc^,  -  :r,)  -  ^3, 

etc.  =    etc. 
error  at  Xn+i  =  0. 

These  results  may  be  graphically  exhibited  by  constructing  a  co^ 
rection  curve — that  is,  a  curve  whose  abscissae  are  the  scale  readings 
x^,  j-^  etc.,  and  whose  ordinates  are  the  corresponding  correction*. 
The  corrections  at  the  points  x^,  x^  jg,  etc.,  give  a  certain  number  of 
points,  and  a  continuous  curve  can  be  drawn  through  them,  the  ordi- 
nates of  which  will  give  the  corrections  at  all  intermediate  points. 
Other  correction  curves  may  be  constructed  by  starting  from  any  other 
point  of  the  scale,  and  by  combining  these  increased  accuracy  will  he 
obtained. 

[In  the  French  and  German  standard  thermometers  the  stem  is 
divided  into  equal  lengths,  not  equal  volumes.  English  standard  ther- 
mometers, on  the  other  hand,  are  calibrated  before  they  are  subdivided, 
and  the  calibration  results  are  used  to  guide  one  in  dividing  the  stem 
into  eqiuil  volumes,  not  ec^ual  lengths. 
N,  88.  Determination  of  Fixed  Points. — In  the  determination  of  the 
freezing  point  Dr.  Guillaume  finds  good  lake  ice  or  freshly-fallen  sno*^ 
moistened  with  distilled  water  best.  The  temperature  in  the  centre 
of  large  blocks  of  artificial  ice  is  apt  to  be  somewhat  below  O^C.  The 
determination  should  be  made  rapidly,  especially  in  the  case  of  ther- 
mometers intended  for  high  temperatures,  so  as  not  to  aggravate  the 
secular  rise  of  zero.  This  remark  does  not  however  apply  to  EngKsb 
thermometers  used  according  to  the  fixed  zero  method. 

Variations  in  external  pressure  alter  the  melting  point  of  ice,  hut 
the  changes  are  very  small,  an  increase  of  one  atmosphere  lowering  th« 
melting  point  ])y  about  O^'OOTf)  C.  The  effect  of  external  pressure  10 
altering  the  volume  of  the  glass  is  more  considerable.     Care  is  required 

^  If  the  calibrating  thread  oontains  m  <legi'ee  measures,  and  if  tlie  volume  of  • 
degree  moasure  be  the  moan  vobnne  of  a  scale  division  bet\^*een  aj,  and  jTih-i.  th*** 
obviously  7/171  =  r„+i  -  x^.  But  if  .i-,  is  tlie  true  reading  at  j^„  then  ar|  +  m  if  the  tm* 
reading  at  a-o,  etc. 


ART.  89  LIQUID  THERMOMETERS  133 

that  no  external  pressure  effect  is  produced  by  too  tight  packing  of  the 
ice,  or  by  allowing  the  bulb  to  rest  unsupported  on  largish  ice  crystals. 

In  determining  the  boiling  point  it  is  highly  important  that 
the  atmospheric  pressure  should  be  determined  with  the  greatest 
possible  accuracy.  On  account  of  the  lag  of  a  barometer,  and  possibly 
the  lag  of  steam  in  adjusting  its  temperature  as  the  pressure  changes, 
it  is  important  that  determinations  of  boiling  points  should  be  made 
at  times  of  steady  barometric  pressure. 

For  reasons  already  pointed  out  in  Art.  82,  the  boiling  point  is  ^^^^^  of 
determined  before  the  freezing  point  on  the  Continent.     In  English  tion. 
thermometers  the  freezing  point  is  first  found. 

\  89.  C!ompaFison  of  Thermometrie  Methods.^ — It  remains  for  us 
to  consider  briefly  the  relative  defects  and  advantages  of  the  ordinary 
British  niethods  of  thermometry  and  the  more  refined  methods  of  the 
Bureau  International.  In  favour  of  the  latter  is  the  strong  argument 
that  when  a  veire  dur  thermometer  verified  at  the  Bureau  International 
is  used  in  a  carefully  prescribed  way,  one  can  deduce  the  corresponding 
temperature  on  the  scale  of  the  hydrogen  thermometer  (at  least 
throughout  the  range  -20''C.  to  100°  C.)  to  a  very  high  degree  of 
accuracy.  In  a  physical  laboratory  the  probable  error  may  be  as  small 
as  ±  0^002  C.  or  even  ±  0°-001  C. 

On  the  other  hand,  it  must  be  conceded  that  the  existence  of 
lengthy  tables  is  an  evil,  however  necessary,  both  on  account  of  the 
very  appreciable  labour  their  application  entails,  and  on  account  of  the 
large  increase  their  calculation  makes  to  the  prime  cost  of  the  instru- 
ment. The  fact  that  for  high  accuracy  an  ice-reading  is  desirable  after 
every  temperature  observation  is  also  a  drawback.  Very  considerable 
skill  is  required  when  the  preceding  temperature  is  high,  the  risk  of 
breaking  the  thermometer  being  appreciable ;  and  the  frequent  pre- 
paration of  ice  is  both  troublesome  and  expensive.  The  conditions 
under  which  it  is  safe  to  dispense  with  an  ice  observation  and  use  the 
Bureau's  table  of  depressed  freezing  points  for  verre  dur  are  somewhat 
uncertain. 

In  favour  of  the  customary  methods  of  using  English  glass  ther- 
mometers there  are  certain  advantages. .  The  necessity  for  an  internal 
pressure  correction,  as  we  have  seen,  is  avoided  by  adopting  the 
vertical  as  the  standard  position.  The  actual  readings  of  a  correctly 
divided  thermometer,  after  allowance  is  made  for  any  secular  change 
of  zero,  are  likely  to  give  at  ordinary  atmospheric  temperatures — where 
nearly  all  very  exact  absolute  measurements  are  made — results  agree- 
ing with  those  of  the  hydrogen  thermometer  to  within  0°'l  C.     To 

1  C.  Chree,  Phil,  May,,  April  1898. 
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those  physicists  and  chemists  who  are  accustomed  to  record  tempera- 
tures to  0°'001  C,  or  even  0°0001  C,  this  may  seem  a  paltry  claim; 
but  it  does  not  seem  so  to  many  scientific  men,  whose  interests  extend 
beyond  the  temperature  of  the  thermometer  to  that  of  its  surroundings. 
On  the  other  hand,  there  unquestionably  exist  physical  and  chemical 
investigations,  tending  to  increase  in  number,  in  which  the  absolute 
determination  of  temperatures  with  the  highest  possible  precision  is  of 
fundamental  importance.  For  these,  in  the  meantime,  English  glass 
thermometers  and  ordinary  British  methods  are  not  suitable.  However 
good  the  workmanship,  and  however  accurate  the  calibration,  there 
exist  the  following  defects  : — 

1.  Ice-readings  corresponding  to  infinitely  prolonged  exposure  to 
0"^  C.  are  not  practically  obtainable ;  and  ordinary  ice-readings,  being 
affected  to  some  extent  by  the  previous  temperature,  are  not  strictly 
comparable. 

2.  So  long  as  changes  of  3  J  inches  of  mercury  in  barometric  pres- 
sure are  possible,  and  occasions  arise  for  the  immersion  of  thermometers 
in  heavy  liquids,  corrections  for  external  pressure  cannot  always  be 
avoided. 

3.  Unless  frequently  subjected  to  temperature-cycles  of  consider- 
able range,  an  ordinary  English  glass  thermometer  is  apt  to  be  influ- 
enced for  days,  it  may  be  weeks,  by  exposure  to  any  temperature 
much  over  1 20'  F. 

4.  For  accuracy  of  a  higher  order  than  O'^'l  F.,  it  is  certainly  unsafe 
to  assume  the  natural  scale  of  an  English  glass  thermometer  identical 
with  that  of  the  hydrogen  or  nitrogen  thermometer,  even  for  the 
restricted  range  22  F.  to  212  F. 

5.  Whether  through  variety  in  the  constitution  of  the  glass,  or 
differences  in  its  treatment,  the  natural  scales  of  ordinary  English 
glass  thermometers  do  not  appear  sufficiently  accordant  to  render 
practicable  the  use  of  any  general  table  of  reductions  to  a  standard 
scale  of  temperature.] 


SECTION   II 

GAS   AND   VAPOUR-PRESSURE   THERMOMETERS 

90.  Gas  Thermometers. — The  indications  of  mercury  thermo- 
meters are  complicated  hy  the  effects  due  to  changes  in  the  volume  of 
the  glass  envelope,  which  depend  not  only  on  the  temperature,  but  also 
on  the  previous  history  of  the  glass.  The  influence  of  the  nature  of  the 
glass  on  the  indications  of  the  instrument  will  become  less  and  less  the 
greater  the  coefficient  of  expansion  of  the  contained  liquid.  In  this 
respect  thermometers  filled  with  highly  expansive  organic  liquids  will 
fe  superior  to  those  filled  with  mercury,  and  air  or  permanent  gas 
thennometers  will  be  superior  to  the  most  accurate  liquid  thermo- 
meters. The  permanent  gases  expand  about  twenty  times  as  much  as 
mercury  for  the  same  change  of  temperature,  and  as  a  consequence  the 
errors  arising  from  inequalities  in  the  expansion  of  glass  produce  much 
less  effect.  Gases  also  possess  a  very  low  specific  gravity,  and  can  be 
obtained  of  the  same  purity  in  any  part  of  the  woi-ld.  Their  properties 
*re  in  addition  permanent,  and  they  expand  nearly  equally  under  the 
*&me  conditions,  so  that  thennometers  filled  with  different  permanent 
gases  all  agree  very  closely  amongst  themselves. 

No  two  solids  or  liquids,  on  the  other  hand,  can  be  found  which 
^1  agree  throughout  the  scale,  and  in  absence  of  any  other  reason  for 
<^boo6ing  a  permanent  gas  as  the  standard  thermonietric  substance,  the 
^Jose  agreement  of  so  many  different  substances  throughout  such  a 
^de  range  of  temperature  attaches  great  practical  importance  to  the 
^cale  of  temperature  furnished  by  their  expansion.  The  permanent 
gases  besides,  when  not  subjected  to  too  great  pressure,  maintain  their 
^te  and  behave  in  the  same  manner  (at  least  very  approximately)  at 
^er}'  high  as  well  as  very  low  temperatures.  They  consequently  furnish 
a  scale  of  measurement  which  is  continuous  and  embraces  a  very  wide 
^Dge  of  temperature. 

The  uniformity  of  composition  of  the  atmosphere  all  over  the 
^orld  has  led   to   the  employment  of  air,  as  a  permanent  gas,  for 
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thermometric  purposes.  Precautions  of  the  strictest  character  are, 
however,  taken  to  remove  all  moisture  and  other  variable  impurities, 
such  as  carbonic  acid,  from  any  sample  used  in  a  thermometer.  This 
is  effected  by  passing  the  air  through  a  system  of  tubes  containing 
calcium  chloride,  pumice-stone  moistened  with  sulphuric  acid,  caustic 
soda,  and  phosphoric  anhydride,  to  absorb  the  aqueous  vapour  and  to 
take  up  any  carbonic  acid  gas  which  may  be  present  The  removal 
of  moisture  is  of  prime  importance,  as  a  small  quantity  of  aqueoas 
vapour,  although  of  small  influence  at  low  temperatures,  might  have 
a  very  serious  eflcct  on  the  indications  of  the  instrument  when  the 
temperature  becomes  high.  On  this  account  the  bulb  is  filled  (and 
emptied)  several  times  with  perfectly  dry  air,  and  at  the  same  time 
heated  to  a  high  temperature  to  expel  all  moisture  which  may  be 
condensed  on  the  interior  surface  or  lurking  in  the  minute  crevices 
or  pores  of  the  glass.  When  every  precaution  has  been  taken  to 
thoroughly  dry  the  interior  of  the  bulb,  it  is  finally  filled  at  0^  C.  with 
pure  dry  air,  or  other  gas  as  desired.^ 
nstant  The  instrument  may  now  be  used  to  measure  temperature  in  two 

^JJ^  ^'^  ways — (1)  by  change  of  volume  while  the  pressure  is  kept  constant; 
lume.  (2)  by  change  of  pressure  while  the  volume  is  kept  constant  Regnault 
used  both  methods,  but  found  that  in  practice  he  could  only  arrange 
the  apparatus  to  give  good  results  with  the  second  method,  and  on  it 
he  founded  what  he  called  the  **  normal  air  thermometer."  For  the 
sake  of  perfect  definiteness  he  chose  as  the  density  of  the  air  in  his 
normal  thermometer  the  density  of  air  at  the  melting  point  of  ice  and 
under  a  pressure  of  one  standard  atmosphere,  and  he  marked  the 
freezing  and  ])oiling  points  0  and  100^  in  accordance  with  the  centi- 
grade scale.  We  shall  now  prove  that  the  second  method  agrees  with 
the  first  in  the  case  of  a  substance  which  obeys  Boyle's  law. 

91.  Characteristic  Equation  of  a  Thermometric  Substance  obey- 
ing Boyle's  Law. — If  the  first  system  of  thermometry  be  adopted,  we 
measure  equal  changes  of  temperatiu*e  by  equal  changes  of  volume  of 
the  thermometric  substance  under  constant  pressure.     The  difference 

'  A  gas  should  be  chosen  which  does  not  attack  tho  other  materials  used  in  tw 
construction  of  the  instrument.  Pure  oxygen  is  objectionable  on  this  accoiuit,  s«it 
attacks  the  mercury  employed  to  measure  the  pressure  of  the  gas.  A  film  of  oxide 
is  formed  on  the  surface  of  the  mercury,  and  this  is  not  only  detrimental  to  the  &•• 
motion  of  the  mercury  in  the  tube,  but  the  whole  quantity  of  oxygen  in  the  bniD 
becomes  diminislied,  and  the  readings  of  the  instrument  are  influenced  aocordinpy« 
For  this  reason  hydrogen  and  nitrogen  are  pivferable  to  air.  Begnaalt,  however, 
does  not  ap[>ear  to  have  experienced  any  ill  etfect  in  this  direction  from  the  u* 
of  air  in  his  normal  air  thermometer,  but  he  found  great  irregularities  with  pure 
oxygen  (Krptri'-nrrs,  tom.  i.  p.  77). 
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etween  any  two  temperatures  6  and  6^  will,  therefore,  be  proportional 
3  the  difference  between  the  corresponding  volumes  v  and  r^,  or 

n  this  equation  the  constant  of  proportionality  A  is  independent  of 
oth  temperature  and  volume,  and  is  consequently  a  function  of  the 
tressore  only.  It  remains  constant  as  long  as  the  pressure  is  constant, 
mt  changes  value  in  general  with  the  pressure.  Denoting  it  by  f{p\ 
he  equation  connecting  the  temperature,  pressure,  and  volume  of  the 
hermometric  substance,  whatever  it  be,  is 

^Vhen  6q  and  Vq  are  chosen,  the  right-hand  member  of  this  equation 
'emains  constant  at  the  same  temperature,  however  the  pressure  and 
'olume  may  vary.  It  is  therefore  the  isothermal  relation  between 
he  pressure  and  volume  of  the  substance,  and  gives  the  law  of  com- 
pressibility at  constant  temperature. 

If  the  zero  of  temperature  be  taken  as  that  at  which  the  volume 
>f  the  substance  is  zero  (for  the   present  ideal   only),  then  writing 
^0  =  0,  and  v^  =  0,  and  denoting  the  temperature  measured  from  this  ^^or  any 
sero  by  9,  the  equation  becomes  metric 

e=v/ip). 

^  right-hand  member  being  a  function  of  p  and  r,  which  remains 
^^^tant  at  constant  temperature,  will,  in  the  case  of  a  substance  obeying 
Boyle's  law,  be  simply  some  multiple  of  pv ;  we  may  therefore  write 

pv=Evf{p), 

•"here  R  is  a  constant.     This  gives  in  the  case  of  a  gas 
^"Hi  consequently  the  characteristic  equation  becomes 

|?i'  =  RB,  For  a  gas. 

*here  8  is  the  temperature  measured  from  the  zero  defined  above. 

This  equation  holds  for  a  thermometric  substance  obeying  Boyle's 
*^,  and  follows  immediately  from  the  definition  of  the  manner  in 
•"hich  temperature  is  measured.  If  another  thermometer  be  con- 
^JTicted  with  another  substance  which  also  obeys  Boyle's  law,  a 
^^tuhn  equation  will  connect  the  pressure,  volume,  and  tem|>eniture 
^gi«tered  by  this  instrument,  but  we  cannot  assert  a  priori  that  the 
^it)  of  temperature  will  be  the  same  for  both,  or,  in  other  words,  that 
'^e  volumes  will  vanish  simultaneously  in  the  two  instruments,  that 
'»  that  they  both  have  the  same  coefficient  of  expansion.     Such  an 
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agreement  must  be  discovered  by  experiment^  and  that  it  does  exist, 
at  least  very  approximately  in  the  case  of  the  permanent  gases,  was 
Law  of  discovered  by  Charles  and  Gay-Lussac,  and  is  stated  in  the  law  which 
bears  their  names.  Assuming  it  to  be  true  for  the  present^  we  con- 
clude that  the  above  equation  holds  for  all  gases  in  so  far  as  they 
obey  Boyle's  law,  the  zero  of  temperature  being  that  at  which  the 
volume  of  the  gas  would  vanish  under  constant  pressure  if  it  continued 
to  obey  the  law  throughout  the  whole  range. 

The  equation  also  shows  that  if  the  volume  is  kept  constant  while 
the  pressure  and  temperature  vary,  the  change  of  temperature  will  be 
proportional  to  the  change  of  pressure,  and  that  consequently  the 
second  method  of  measuring  temperature,  or  difference  of  temperature, 
is  consistent  with  the  first,  and  that  two  thermometers,  filled  with  a 
substance  obeying  Boyle's  law,  will  agree  throughout  the  scale  in  their 
indications  if  the  temperature  is  measured  by  change  of  volume  under 
constant  pressure  by  one,  and  by  change  of  pressure  at  constant 
volume  by  the  other.  In  the  latter  case  the  zero  of  temperature  is 
that  at  which  the  pressure  becomes  zero  while  the  volume  is  kept 
constant,  and  this  aspect  recommends  itself  especially  on  the  dynamical 
theory,  according  to  which  the  pressure  is  caused  by  the  molecular 
bombardment.  The  meaning  of  the  pressure  becoming  zero,  according 
to  this  theory,  is  that  the  molecules  come  to  rest  relatively  to  each 
other.  Hence,  if  the  energy  of  translation  of  a  molecule  happens  to 
be  proportional  to  its  energy  of  vibration  or  internal  energy,  or  if  the 
vibrator}''  motion  of  the  molecule  subsides  with  its  motion  of  transla- 
tion,  then  when  the  pressure  is  zero  there  is  complete  relative  rest  m 
the  gas.  In  other  words,  it  is  not  a  source  of  heat  waves,  and  conse- 
quently may,  with  dcfiniteness  of  meaning,  be  said  to  be  at  the  absolute 
zero  of  temperature. 

This  view  of  the  absolute  zero  appears  at  first  sight  more  rational 
than  the  former,  by  which  it  was  defined  as  the  temperature  at  which 
the  volume  vanishes.  However,  both  are  based  on  the  pressure 
volume  relation  at  constant  temperature  known  as  Boyle's  law,  which 
asserts  that  the  volume  is  inversely  as  the  pressure  for  all  values  oi 
the  pressure — that  is,  that  the  thermometric  substance  maintains  this 
characteristic  permanently.  Such,  however,  is  not  the  case  with  any 
substance  that  has  been  experimented  on,  but  with  permanent  gases 
it  holds  very  closely  within  moderate  ranges.  An  ideal  substance, 
named  a  perfect  gas,  has  consequently  l)een  assumed  which  possesses 
these  characteristics  at  all  pressures.  In  other  words,  a  perfect  g*^ 
is  a  substance  which  always  obeys  the  laws  contained  in  the  equation 
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imperature  registered  by  a  thermometer  filled  with  this 
ince  is  called  absolute  temperature.     Thermometers  filled 

nitrogen,  or  hydrogen,  approximate  very  closely  in  their 
to  this  ideal  instrument  within  a  considerable  range. 
istant  Volume  and  Constant  Pressure  Air  Thermometers. 
it  objection  to  a  constant  pressure  air  thermometer  lies  in 
iture  correction  which  must  be  applied  to  that  part  of  the 
ccupies  the  stem  of  the  instrument.  This  correction  will 
necessary,  unless  the  bulb  and  all  that  part  of  the  stem 
'  air  are  immersed  in  the  same  bath,  and  its  influence  will 
be  more  and  more  important  as  the  temperature  rises,  and 
1  more  air  is  expelled  from  the  bulb  into  the  stem,  so  that 

air  contained  in  the  stem  becomes  comparable  with  that 
r  the  bulb.  For  this  reason  it  is  almost  impossible  to 
a  constant  pressure  air  thermometer,  and  after  repeated 
ult  found  that  he  could  only  obtain  consistent  results  with 
meters  when  they  were  arranged  so  that  the  gas  was  kept 

volume,  and  the  temperature  was  measured  by  the  varia- 
pressure. 
m  of  apparatus  adopted  by  Regnault  is  shown  side  and 

in  Fig.   24.     The  bulb  A,  which  has  a  capacity  of  from 

C.C ,  is  filled  with  pure  dry  air  (or  other  permanent  gas), 
ected  to  a  manometric  tube  FGHIJ.  When  the  tempera- 
mercury  is  poured  into  the  branch  IJ,  or  allowed  to  escape 
3  tap  K,  so  that  the  level  ^  of  the  mercury  in  the  branch 
always  at  a  fixed  mark  a.     If  the  glass  were  non-expansive 

of  the  air  would  thus  be  kept  always  the  same,  but  on 

the  expansion  of  the  glass  a  corresponding  correction 
)ce8sary.  The  difi*erence  of  level  between  the  surfaces  a 
e  two  arms  may  be  measured  by  means  of  a  cathetometer, 
responding  pressure  of  the  air  in  the  bulb  deduced. 

desired  to  work  under  constant  pressure  the  difference  of 
>en  the  surfaces  a  and  /3  must  be  kept  constant ;  conse- 
len  the  temperature  rises  the  air  expands  into  the  tube 
I  volume  and  tempeiuture  of  this  expelled  portion  must  be 
letermined.  For  this  purpose  the  arm  FG  is  accurately 
uid  immersed  in  a  bath,  as  shown  in  Fig.  25,  so  that  its 
i  may  be  maintained  uniform. 
mient  form  of  constant  volume  air  thermometer  has  been 

iring  of  mercury  into  the  tube  IJ  may  be  conveniently  avoided  by 
srvoir  at  K,  and  furnishin;^  it  with  a  screw  phmger.  By  screwing  the 
rd«  or  backwards  the  level  of  the  mercury  may  be  adjusted  as  desired. 
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devised  by  Profesaor  Jolly,'  and  is  represented  in  Fig.  26. 
capillary  stem  is  bent  twice  at  right  angles,  and  united  at  B  to  i 
of  laiger  bore,  on  which  a  fixed  mark  is  placed  near  the  jund 
the  capillary.  In  all  measurements  the  level  of  the  mercury  con 
in  BD  is  brought  to  this  fixed  mark,  so  that  the  volume  of  t 
in  the  bulb  and  stem  is  constant  if  we  neglect  changes  of  v 
of  the  glafis  envelope.  CE  is  a  glass  tube,  preferably  of  the 
diameter  as  B,  to  avoid  difference  of  capillary  pressure  iufluoncii 


Kip.  a4.-Hi^i 


results.  If,  however,  the  diameters  of  the  tubes  be  fairly  larg 
efToct  will  be  negligible,  and  the  tube  CE  may  be  replaced 
spherical  bulb.  The  tubes  B  and  C  are  joined  by  an  india-t 
tube,  which  is  strong  and  flexible,  and  allows  CE  to  be  nii> 
lowered  so  as  to  keep  the  level  of  the  mercury  at  B.  The  diff 
of  level  of  the  mercury  at  E  and  B,  added  to  the  barometric  1 
gives  the  pressure  of  the  air  in  the  thermometer.  This  diflfere 
level  may  be  olitained  by  means  of  a  cathetometer,  but  for  or 

'  Jolly,  Pv;i.j.  JuMbniul.  p.  82,  1874. 
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vrork  a  Bcale  attached  to  the  frame  on  which  the  inatrument  is 
mounted  safiices.  The  scale  is  engraved  on  the  back  of  a  strip  of 
fluie  mirror  before  it  is  silvered,  and  the  divisions  are  carried 
saiBcieutly  far  across  the  scale  for  the  reflections  of  the  two  surfaces 
of  mercury  to  be  seen  behind  the  scale.  Parallax  is  thus  avoided, 
and  the  use  of  the  cathetometer  dispensed  with. 

Asmming   the  internal  volume  of   the   thermometer   to   remain 


*«i«Mit,  and  that  the  temperature  of  the  air  throughout  is  the  s 
'•  bave  for  any  two  temperatures  9^  and  Sj 

flir  =  RGj,  and  p,v  =  RB,. 

■wefore 


If  such  an    instrument  be  graduated    so  that  the  boiling  point   i 
'Wted  by  100°,  and  the  freezing  point  by  0°,  then 


Aecording  to  the  moat  accurate  observations  of  Regnault 
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and  therefore 

v_     100         272-85 
R~0-86(J5po~     pQ 

Consequently,  any  temperature  0  on  this  scale  will  be  given  by  t 
formula 


^=e-eo=^(p-Po)=272-85(j^-i). 


In  general,  however,  the  volume  of  the  glass  envelope  will  vai 
and  the  temperature  of  the  air  in  the  stem  will  differ  from  that 
the  bulb,  and  corrections  will  be  necessary  in  both  respects.     Tb 
corrections  will   be   considered  more   fully   in  connection  with  t 
general  problem  of  dilatation.     The  source  of  greatest  uncertainty 
gas  thermometers  lies  in  the  allowance  for  the  expansion  of  the  gla 
This  requires  the  careful  examination  of  the  volume  of  the  bulb  a 
tube   throughout   the   whole   range   of   temperature   for   which  t 
instrument  is  to  be  employed.     The  volume  of  any  such  apparatus 
most  accurately  determined  by  observing  the  weight  of  mercury  whi 
it  contains  at  different  temperatures,  and  when  the  variation  of  t 
density  of  mercury  with   temperature   is  known  the  volume  can 
immediately  determined.     This,  in  fact,  was   the  process  adopted 
liegnault. 

Jolly's  constant  volume  air  thermometer  is  a  convenient  form,  a 
fairly  accurate  for  moderate  temperatures.  At  high  temperatur 
however,  a  correction  becomes  necessary  on  account  of  the  air  expel] 
from  the  bulb  into  the  capillary  tube.  If  the  temperature  of  i 
bulb  were  always  the  same  as  that  of  the  tube,  the  mass  of  i 
contained  in  the  tube  would  be  constant ;  but  as  the  tube  is  cok 
than  the  bulb,  at  high  temperatures  the  pressure  will  be  larg< 
increased,  and  a  corresponding  incrciise  will  take  place  in  the  mi 
of  gas  contained  in  the  tube.  In  order  to  minimise  the  error  whi 
arises  in  this  respect,  Dr.  Bottomley  ^  has  designed  a  form  of  apparat 
in  wliich  the  air  reservoir  with  its  volume  indicator  and  the  manomet* 
are  constructed  separately,  and  connected  only  by  flexible  tubioj 
The  form  given  to  the  air  bulb  and  capillary  tube  is  such  that  it  ca 
be  easily  manipulated  and,  being  constructed  of  hard  Bohemian  glas 
the  range  of  the  instrument  is  thus  considerably  extended. 

An  objection  to  all  forms  of  constant  volume  thermometers  exist 
in  the  pressure  of  the  gas  on  the  internal  surface  of  the  bulb,  and  thi 
becomes  more  serious  at  high  temperatures. 

93.   Callendap's    compensated    Air   Thermometer. — The  gre» 

1  J.  T.  Bottomley,  rhil.  Mag.,  August  1888,  p.  1-19.     For  a  later  improved  fom 
sec  an  article  by  Kapp,  Ann.  dcr  Fhi/sik,  July  1901. 
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pntctic&l  difficulties  attending  the  use  of  the  constant  pressure  air 
thermonietfir  hare  been  overcome  iu  the  form  of  apparatus  devised  by 
Professor  Callendar.*  In  this  instrument  the  pressure  of  the  air 
enclosed  in  the  thermometer  bulb  T  (Fig.  27),  instead  of  being 
sdjusted  to  equality  with  the  pressure  of  the  atmosphere,  is  maintained 
coostsntly  at  the  same  standard  pressure  as  that  of  the  air  in  another 
bulb  S  kept  at  a  constant  temperature  in  melting  ice,  the  equality  of 
the  pressures  in  T  and  S  being  indicated  by  a  sulphuric  acid  gauge 
ti.    B;  this  means  the  trouble  of  reading  the  barometer  is  completely 


A 


"oided,  and  by  a  most  ingenious  device  the  errors  arising  from  the 
"Wertsinty  of  the  temperature  of  the  connecting  tubes  are  compen- 
•^led  tor  and  entirely  eliminated.  When  the  temperature  of  the 
Hiennometer  bulb  T  rises,  the  air  expands  and  passes  through  the 
"srrow  connecting  tube  into  the  mercury  reservoir  M.  Tile  quantity 
f'f  mercury  in  M  is  adjusted,  so  that  the  pressure  in  T  is  equal  to  that 
IS,  sny  difference  of  pressure  being  indicated  by  the  sulphuric  acid 
S»Uge  G,  which  connects  S  and  T.  The  bulb  S  being  kept  in  ice 
'^f  pressure  of  the  air  within  it  remains  constant,  and  when  the 
pnge  shows  that  equality  of  pressure  exists  lietween  T  and  S,  it 
I*  certain  that  the  pressure  in  T  is  always  adjusted   to  the  same 

TTiC  correction  for  the  capacity  of  the  tube  joining  T  and  M  is 

»  H.  L  CallenJar,  Proc.  Roy.  Soc.,  vol.  1.  ]>.  247,  1861. 


144  THEORY  OF  HEAT  chip,  i 

eliminated  by  attaching  to  S  an  exactly  similar  tube  (as  shown  i 
figure),  which  has  the  same  form  and  capacity,  and  which  is  place* 
close  to  it,  so  that  the  two  have  the  same  mean  temperature  througli 
out.  By  this  means  the  compensation  is  rendered  automatic,  and  wil 
be  perfect  if  (1)  the  two  sets  of  connecting  tubes  have  the  sam 
capacity,  and  are  at  the  same  mean  temperature ;  (2)  if  the  nuu 
of  air  in  the  standard  pressure  bulb  S  is  equal  to  that  in  the  tbei 
mometer  bulb  T  and  the  mercury  bulb  M  combined;  (3)  if  tb 
pressures  in  T  and  S  are  adjusted  to  equality. 

Thus  if  m  be  the  total  mass  of  air  in  T  and  M  and  the  connectinj 
tube  and  p  its  pressure,  and  if  6  be  the  temperature  of  T  on  the  seal- 
of  the  air  thermometer  and  v  its  volume,  while  B^  and  t'p  Bj  and  r 
are  the  corresponding  quantities  for  the  connecting  tube  and  the  ai 
space  in  the  bulb  M  respectively,  we  have  by  the  law  of  Charles 

where  R  is  a  constant  In  the  same  manner,  if  v  denotes  the  volunw 
of  S  and  t\  the  volume  of  the  tubes  attached,  m  the  total  mass  of  an 
contained,  p'  the  pressure,  and  B'  and  B^'  the  corresponding  tempera- 
tures, we  have  for  this  system 


''(e'  +  ^)="''R> 


SO  that  if  m  =  m\  and  p  =  //,  and  if  the  temperatures  B^  and  B/  and  the 
volumes  t\  and  i\  of  the  two  sets  of  connecting  tubes  are  the  same,  V6 
have 

If  M  uikI  S  are  both  kept  in  melting  ice,  we  have  further  Q^  =  Q'^% 
and  hence 

or  writing  T,  S,  M,  for  the  volumes  of  the  air  in  these  bulbs  the 
formula  becomes  B  ==  B^,T  (S  -  M),  so  that  the  influence  of  the  con- 
necting tubes  is  completely  eliminated. 

The  volume  of  the  standard  pressure  bulb  S  may  also  be  adjusted  at 
pleasure  by  means  of  mercury,  and  in  this  manner  the  pressure  may 
be  varied  and  the  behaviour  of  the  gas  investigated  at  high  tempera- 
tures, and  the  indications  of  the  instrument  reduced  to  the  absolute 
scale  of  temperature  (Chap.  VIII.,  Sec.  ii.). 

If  the  volume  of  tlie  connecting  tube  is  small  compared  with  that 
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the  bulb  T,  a  small  difference  of  pressure  will  not  lead  to  any 
ous  error,  and  on  account  of  the  compensating  tube  the  connecting 
e  may  be  made  long  and  flexible,  and  the  bulb  T  may  be  placed  at 
mvenient  distance  from  the  indicating  apparatus,  which  is  a  matter 
?*at  convenience  in  many  ope^tions. 

For  moderate  ranges  of  temperature  the  auxiliary  bulb  M  may  be 
[)ensed  with,  and  the  sulphuric  acid  gauge  G  may  be  graduated  so 
» indicate  the  diflference  of  temperatui^e  between  T  and  S  directly, 
ordinary  use  it  would  be  inconvenient  to  keep  the  bulb  S  always 
a  fixed  temperature,  and  this  may  be  avoided  by  adjusting  the 
line  of  sulphuric  acid  in  the  pressure  gauge,  so  that  its  expansion 
^  compensate  for  the  dilatation  of  the  air  in  the  standard  pressure 
b,  a  compensation  which  can  be  effected  with  sufficient  accuracy  for 
ierate  ranges  of  temperature.  Such  thermometers,  Prof.  Callendar 
es,  are  **  exceedingly  convenient  and  satisfactory  for  rough  work  at 
peratures  beyond  the  range  of  mercury  thermometers.  They  can 
made  to  read  easily  to  the  tenth  of  a  degree  at  45 C  C,  and  if 
perly  compensated  their  indications  are  very  reliable.  Such  a 
ree  of  accuracy  is  amply  sufiicient  for  most  purposes,  and  the 
mce  of  all  necessity  for  calculation  or  correction  of  the  readings  is 
*rv  great  advantage." 

M.  [Standard  Hydrogen  and  Nitrogen  Thermometers. — The 
perature  scale  adopted  as  the  standard  by  the  International 
eau  is  defined  as  the  centigrade  scale  of  the  constant  volume 
rogen  thermometer,  having  as  fixed  points  the  temperature  of 
ting  ice  (0''),  and  that  of  the  vapour  of  distilled  water  in  ebullition 
er  the  normal  atmospheric  pressure  (100°);  the  hydrogen  being 
er  a  pressure  of  one  metre  of  mercury  when  the  temperature  is  0°. 
i  improved  form  of  manometer  used  is  represented  in  Fig.  28. 
!  bulb  of  the  thermometer  consists  of  a  cylindrical  vessel  of  iridio- 
inum,  somewhat  over  a  metre  in  length  and  36  mm.  in  diameter. 
» connected  to  the  manometer  bv  a  tube  c  1  metre  in  len«?th  and 
mm.  in  internal  diameter. 

The  pressure  to  which  the  gas  is  subjected  consists  of  the  atmos- 

ric  pressure,  given  by  the  barometer  ;  and  an  additional  pressure 

to  an  open  mercury  manometer.     In  general,  this  would   entail 

readings  of  mercury  level,  but  by  combining  the  barometer  and 

IOmeter,    the  readings  are   reduced   to   two.      The   manometer  is 

posed  of  two  tubes  m,  m.     The  stem  of  the  barometer  B  dips 

m.     The  tube  m  is  made  up  of  two  portions  whi(;h  are   not  iu 

ct  communication,   but   are    connected    to    in   al)Ove    and    below 

ectively.     The  two  parts  of  m  are  separated  by  a  piece  of  stoel  P. 

L 
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It  will  be  noticed  that  the  three  surfaces  of  the  mercury  are  all  in 
one  vertical  line.  Their  readings  are  taken  by  means  of  three  tele- 
scopes all  sliding  on  the  pillar  of  a  cathetometer  (not  represented 
in  the  figure).  In  order  to  find  the  pressure  of  the  gas  the  levels 
of  only  the  upper  and  lower  surfaces  need  be  read.  Four  auxiliary 
thermometers  serve  to  determine  the  temperature  of  the  apparatus. 

Let  Vq       =  volume  at  0"  of  the  gas  in  the  bulb. 

5  =  mean  coefficient  of  expansion  of  tbe  material  of  the  bulb  between  0' 

ami  T^ 
a,,        =  coefficient  of  expansion  of  the  gas  when  the  volume  is  constant, 
r  =  volume  of  the  "dead  space,"  i.e.  connecting  tube,  etc. 

t  =  temperature  of  the  gas  in  the  dead  sjmce. 

Hq       =  initial  pressure  of  the  gas  nt  0". 

Ho  +  A  =  pressure  of  the  gas  at  T*,  the  temperature  to  be  measure<l. 
lii         =  coefficient  of  internal  pressure  of  reservoir. 

The  mass  of  the  gas  in  the  apparatus  when  at  0°  is  (taking  the 
density  under  standard  conditions  as  unity) 

and  the  same  mass,  when  at  T",  is  represented  by  the  expression 

fV^l  +  sp  +  fiih        V     1  Ho  +  A 
I         1+0;,T         ^l-\-a,/(     760 

Equating  these  two,  we  get 
whence 

"""    ~     Ho  "    V,  "^H„V,  l+a^      ■• 

By  means  of  tliis  formula  we  may  determine  the  value  of  op 
between  two  known  temperatures,  C  and  100''  for  example,  using  the 
method  of  successive  approximations.  Having  found  Op  and  substi- 
tilted  its  value  in  the  equation,  we  may  use  the  formula  to  determine 
any  temperature  T. 

Corrections  have  to  be  made  on  account  of  the  variations  in  tlie 
volume  and  temperature  of  the  dead  space  which  occur  when  the 
temperature  of  the  bulb  is  changed.  For  a  complete  account  of  the 
observations  and  corrections  required,  the  student  is  referred  to 
(Tuillauine's  Thermoinetr'w  de  FrMswii. 

Instead  of  using  iridio-platinum,  the  bulb  of  the  thermometer  may 
be  made  of  hard  Jena  gla^ss  or  of  glazed  porcelain. 

rp  to  about  500   C  the  hydrogen  thermometer  is  perfectly  satis- 
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factory.  If,  liowever 
Jie  temperature  is 
nuch  ftlio?e  this,  hy- 
lf(^«n  passes  freely 
■hrmigh  the  platinum, 
rbe  difficulty  is  not 
;oi  over  by  subatitut- 
ng  glass  or  porcelain 
a  the  material  of  th«- 
'Ulb.  Olass  is  .  not 
■ifficieiitly  refractory 
>  be  used  at  high 
imperatures.  Porce- 
'W  is  not  gas-tight 
iless  jilazed,  and  thft 
I'M  begins  to  me!t  at 
IW  C.  At  high 
mperatiires  both 

»M  and  porcelain  are 
W  on  to  some  ex- 
"tbv  hydrogen.  For 
«e  reasons,  the  nitro- 
"  'hermometer  is 
Wituted  for  high 
'•peratures.i  A 
^lain  bulb  may,  be 
''.  but  the  best 
'«rial  is  iridio- 
a'nutn,  both  on 
wnt  of  the  higher 
!*  and  because  its 
"Miori  follows  a 
e  regular  law  than 
of  porcelain. 
Awording  to  the 
Timents  of  M. 
>puig  made  with 
!M     thermometer 

au|.puU.  Phil.  Mag.. 
1»0;  Feb.  1902. 
fli  «nJ  Day,  Amer. 
Sri.,  Sept.  1899. 
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whose  bulb  was  of  Berlin  porcelain,  the  coefficient  of  expansion 
of  nitrogen  diminishes  more  and  more  slowly  as  the  temperature  riBCfi, 
approaching  a  limit  at  about  75°  C,  the  limiting  value  being 

a,im  =  0-00367380. 

Above  75'  C.  nitrogen  appears  to  behave  as  a  perfect  gas,  the 
coefficient  of  expansion  remaining  constant  at  the  above  value. 
Assuming  this  to  be  the  case,  M.  Chappuis  shows  that  a  nitrogen 
thermometer  whose  pressure  at  0""  C.  is  1  metre  of  mercur}'  is  equi- 
valent to  one  whose  pressure  at  0"  C.  is  1  '000086  metre,  and  which 
behaves  as  a  perft^ct  gas  from  0"  C.  upward,  having  the  foregoing 
coefficient  of  expansion.  He  gives  the  following  corrections  to  be 
applied  to  the  readings  of  the  nitrogen  thermometer  in  order  to  reduce 
them  to  tlie  normal  hydrogen  scale  : — 

^  H-soale-X-Hcal.* 

Iuiti.il  press. -1  iin»tn'. 

100^  o^-ooo 

200"  0''-023 

300  0-047 

400^  0'-070 

These  differonces  arc  so  small  that  thev  are  of  less  account  than 
those  due  to  other  sources  of  uncertaintv. 

Messrs.  Holboru  and  l)ay  used  a  nitrogen  thermometer  with  a  bulb 
of  iridio-j)latinuin  (20  per  cent  iridium,  80  per  cent  platinum).  Tbw 
could  be  used  up  to  1  tSOO""'  C.  Nitrogen  does  not  pass  through  ^® 
platinum  walls  at  high  temperatures.  The  bulb  was  heated  by  *" 
electric  current  flowing  in  a  nickel  wire  coiled  round  a  thin  porcelain 
tube  which  surrounded  the  bulb.] 

96.  Vapour-pressure  Thermometers. — A  system  of  thermometry 
in  which  all  delicate  measurements  of  change  of  volume  ai*e  avoids 
may  be  founded  on  the  observation  of   the  pressure  of  a  saturate** 
vapour.     The   pressure   of  a  vapour  in  contact  with  its  own  liqui" 
depends  only  on  the  temperature,  and  is  independent  of  the  relative 
proportions    of    licjuid    and    vapour.     If,    therefore,    the   pressure  '* 
observed  bv  some  means,  and  if  the  data  are  known  which  connect 
the  pressure  with  the  temperature,  we  are  furnished  with  a  thennO' 
metric  method  of  gn*at  range  and  delicacy.     A  simple  form  of  vapou^ 
pressure    thoimometer    is    shown    in    Fig.    29.     The   bulb   is  partly 
filled  with  a  liquid  free  from  air,  and  the  remainder  of  the  bulb  ^ 
occupied  by  its  saturated  vapour.     The  liquid  also  partly  fills  the  tub^ 
and   acts  as  a   manometer,   the   pressure  of  the  vapour  in  the  bul»> 
being  gieater  than  the  pressure  at  the  upper  surface  by  the  weight  o* 
the  column  of  liquid,  whose  height  is  equal  to  the  difference  of  level  of 
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in  the  bulb  and  tube  respectively.  If  the  stem  is  closed, 
DS  only  vapour  of  the  liquid  above  the  upper  surface,  the 
nil  be  determined  by  the  temperature  of  this 
le  apparatus.  For  this  reason  the  stem  must 
i  with  a  bath  kept  at  some  known  temperature, 
of   melting   ice.       The  vapour-pressure   in  the 

this  means  kept  constant,  and  the  temperature 
ty  of  the  liquid  in  the  stem  are  also  kept 
B  well  as  the  surface  tension  of  the  liquid, 
tern  may,  however,  be  open  at  the  top,  and 
ire  determined  by  a  reading  of  the  barometer, 
be  closed  and  contain  a  gas  whose  compression 
he  pressure,  or  it  may  be  connected  to  any  form 
3  gauge. 

igh  temperatures  mercury  may  be  employed  as 
lometric  substance,  and  for  low  temperatures 
3  acid,  but  in  all  cases  the  bulb  must  be  made 
irial  which  is  not  attacked  by  the  vapour  or 
Por  example,  water  vapour  attacks  glass  at 
jmperatures. 

nportance  of  this  system  of  thermometry  has 
ted  on  by  Lord  Kelvin,^  who  considers  it 
^  be  of  great  serv^ice,  both  in  the  strictest 
thermometry  as  well  as  in  a  great  variety  of 
»plications.       The    consideration    of    the    data 

to    the    estimation    of    temperature    by    this 
vill     be    entered    into    later    on    (see    Chap. 


Fig.  20. 
Vapour- 
pressure 
Thennometnr. 


^mparison  of  Thermometeps. — [Mercury  thermometers  are 
with  the  hydrogen  thermometer  by  immersing  them  in  the 
hich  the  bulb  of  the  latter  is  heated.  A  mercury  thermo- 
ch  agrees  with  the  hydrogen  scale  at  0""  and  100''  will  not 
1  it  at  intermediate  temperatures. '  With  all  ordinary  kinds 
le  greatest  divergence  is  exhibited  at  about  40  C.  In  the 
thermometer  of  ann*  dur  the  maximum  difference  is  rather 
n  one-tenth  of  1 ""  C.  For  accurate  work  with  a  mercury 
ter,  if  standard  temperatures  are  retjuired,  the  instrument 
lirectly  compared  with  the  standard  hydrogen  thermometer 
le  of  corrections  drawn  up. 

iccompanying  figure,  taken   from   (ruillaume's  Thennomi'triv, 
divergence  between  three  kinds  of  mcrcury-in-gla.ss  thermo- 

*  Art.  *-Heat,"  Enni.  Ilrit. 
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meters,  a  carbon  dioxide  gas  thermometer,  a  nitrogen  gas  thermo 
and  a  hydrogen  gas  thermometer  taken  as  the  standard  of  refer< 


Kijr.  30. 


The  following  table  shows  the  deviations  of  an  ordinary  a 
thermometer  from  the  air  thermometer,  after  Jolly.^  A  similai 
parison  has  been  since  made  by  Mr.  A,  C.  White,^  with  substantial 
same  results : — 


:Vir  Thenu(miHt<'r. 

1 
AIcolu»l. 

1 

Difference. 

1 
j 

-    0  -.Ti 

-    6' -21 

0-11 

t 

-11   -02                 1 

-10-72 

0-30 

1 

-If)    li")                 , 

-14  -41 

0-84 

1 

-  \i*  "29 

-   18  -02 

1-27 

-  79  -U 

-70  -72 

8-72 

Exercises 

1.  If  the  thermonietric  substance  obeys  Boyle's  law,  and  if  changes  of  temp 
be  taken  proj»ortional  to  ehanfjes  of  pressun'  at  constant  volume,  show  th 
characteristic  equation  of  the  substance  is  pi*  =  R0. 

{As  in  Art.  91  we  have  tf  -  ^o  =  iP''^'«)0(^')?  or 

the  zoTO  of  temperature  being  that  at  which  the  pressure  is  zero, "and  the  righ 
member  of  the  equation  is  the  function  of  p  and  v  which  remains  consi 
constant  temperature,  namely  />r,  therefore  4>{v)  is  proportional  to  t?,  etc.} 

2.  Find  the  characteii^tic  cijuation  of  a  substance  which,  when  used  as  a  t 

^  Jolly,  Potjt/.  Ann.  Jubc/bnnd,  1S74. 

-  A.  C  White,  Pror.  American  Acadrmti  of  Arts  and  Sciences^  vol.  xxi 
p.  45,  1885. 
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bstance,  will  give  the  same  scale  of  temi)erature,  whether  it  is  designed  to 

equal  changes  of  temperature  by  equal  changes  of  volume  under  constant 

or  by  equal  changes  of  pressure  at  constant  volume. 

be  fomier  case  we  have,  as  before,  the   temperature   proportional  to  the 

)r 

e  =  iy(/)); 

e  second  method  we  have 

9  =p<f>(v). 

9  is  to  be  the  s>ame  in  both  cases  we  must  have 

<p{v)     v' 

f[p)  is  proi)ortional  to  p  and  (f>{v)  to  v,  and  therefore  the  substance  obeys 

iw.} 

Pi  and  Pi  be  the  densities  of  two  gases  under  the  same  pressure  and  at  the 

perature,  show  that 

V  be  the  volume  of  unit  mass  of  a  gas  of  density  p,  then  ptJ  =  l,  so  that  the 
JM?=R9  becomes 

^'  =  Re,     or    />R=|. 
P  6 

different  gases  are  at  the  same  temp^ature  and  pressure,  we  have 

/)  =  0*001293  when  »=760  cm.  of  mercury  =  1033 '3  grammes  per  srjuare 
re  =  1033*3  x  981  in  aynes  per  sq.  cm.     Therefore 

1033-3  X  981  _, 
"-0^Ci01293ir273-^"^'^'"- 

ny  other  gas  the  value  of  R  will  be  found  by  means  of  the  relation  estab- 
wve,  that  is  by  dividing  the  value  of  R  for  air  by  the  relative  density  of 
Tlie  density  of  nitrogen  relative  to  air  is  0*97137,  and  the  value  of  R  is 
)^.  For  oxygen  the  relative  density  is  1  10563,  and  the  value  of  R  is 
y*.     For  hydrogen  the  relative  dcnsitv  is  0*06926,  and  the  value  of  R  is 

)'■> 

the  different  parts  of  a  gas,  having  volumes  Vj,  r.^,  v^^  etc.,  be  at  temj)era- 
^2»  ^t>  ^^^-i  *"*1  i^  i"  *"y  other  condition  the  same  parts  have  volumes  v/, 
I  temi>eratures  9,',  9./,  93',  etc.,  show  that 

mass  of  the  whole  volume  is  ZpiVi  and  also  Zp^'i'i',  where  p^  is  the  density  ot 
Hie  F,  under  the  pressure  jt^i  and  at  the  tein|M?i"ature  9,,  and  p,'  the  den.sity 
'  and  0,'.      Hence  we  liavo 

P.  =  ''^^'^^\oU: 
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Therefore  l)y  substitution  we  have 

If.  If  a  gas  departs  from  Boyle's  law,  show  how  to  calculate  the  temperatures  of 
a  constant  volume  air  thermometer  from  observations  on  a  constant  pressure 
instrument. 


SECTION   III 

PYROMETRY   AND   LOW   TEMPERATURE  THERMOMETRY' 

97.  Measurement  of  High  Temperatures. — Instruments  de- 
Jed  for  the  measurement  of  high  temperatures  are  called  pyrometers. 
'  accurate  estimation  of  elevated  temperatures  is  a  task  of  no 
inarj  difficulty,  and  for  this  purpose  the  variation  of  almost  every 
'sical  property  of  matter  with  temperature  has  been  proposed. 
The  range  of  every  thermometer  is  limited  by  the  nature  of  the 
:«nals  with  which  it  is  constructed.  Thus  at  high  temperatures 
lids  boil,  and  at  low  temperatures  they  freeze,  and  even  if  this 
not  occur,  an  upper  limit  to  the  range  of  any  liquid  or  gas  ther- 
neter  is  presented  at  the  fusing  point  of  the  material  of  which  the 
elope  is  constructed. 

The  ultimate  practical  standard  of  reference  in  pyrometry  is  the 
Irogen  gas  thermometer.  The  method  of  measuring  temperature 
the  change  of  volume  or  pressure  of  a  gas  having  been  once 
sen,  all  other  instruments  for  measuring  temperature  must  be 
idardised  either  by  direct  or  indirect  comparison  with  the  hydrogen 
nnometer,  if  their  indications  are  to  have  any  intelligible  meaning. 
[The  general  principles  on  which  the  measurement  of  high  temper- 
Pes  is  based  are  the  same  in  all  the  methods  employed.  The 
iation  of  some  property  of  matter  with  temperature  is  carefully 
died  at  ranges  within  which  the  gas  thermometer  or  standardised 
Pcury  thermometer  can  be  used,  and  some  mathematical  formula  is 
'ised  which  will  represent  the  phenomenon.  It  is  assumed  that 
'  formula  holds  good  at  temperatures  beyond  the  range  of  the  gjis 
'nnometer,  and  hence  the  variation  of  the  property  of  matter  under 
^sideration  can  be  made  use  of  to  measure  high  temperatures  by 
^rapolation. 

There  is  always  some  uncertainty  attached  to  the  use  of  extra- 
^'ated  formulae.  On  this  account  it  is  important  that  the  property 
'  niatter  selected  should  vary  according  to  some  simple  law,  as  such 

153 
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is  more  likely  to  be  accurately  expressed  by  the  formula.  The  bert 
verification  of  the  law  assumed  for  any  thermometer  is  the  agreement 
of  that  thermometer  in  the  measurement  of  any  temperature — say  the 
melting-point  of  gold — with  thermometers  based  on  other  systems  of 
measurement.] 

The  pyrometer  of  Deville  and  Troost^  is  a  modified  form  of  air 
thermometer  furnished  with  a  porcelain  bulb.  A  glass  bulb  cannot 
be  used  for  high  temperatures  on  account  of  the  fusion  of  the  glass, 
and  platinum  bulbs  were  found  by  Deville  and  Troost  to  be  perme 
able  to  gases  at  high  temperatures.  The  porcelain  bulb  is  filled  with 
dry  air  and  placed  in  the  furnace,  and  when  equilibrium  of  temper- 
ature is  attained  the  stem  is  sealed  by  an  oxyhydrogen  flame.  The 
apparatus  is  then  allowed  to  cool  and  the  end  of  the  stem  is  nipped 
off  under  mercury,  so  that  the  mercury  rises  into  the  bulb.  The  bulb 
is  then  depressed  until  the  mercury  stands  at  the  same  level  within 
and  without.  The  stem  is  now  closed  with  wax,  and  the  apparatus 
removed  and  weighed,  with  the  mercury  it  contains.  It  is  afterwards 
completely  filled  with  mercury  and  weighed  again.  By  this  means 
the  fraction  of  the  gas  which  escapes  by  expansion  while  in  the  furnace 
is  (Jetermined,  and  consequently  the  whole  expansion  under  constant 
pressure  is  known,  and  the  temperature  of  the  furnace  determined. 

The  pressure  of  the  residual  air  instead  of  its  volume  may  be 
determined  when  it  has  cooled.  For  this  purpose  the  bulb  is  pro- 
vided with  a  long  fine  neck  and  a  tap,  which  communicates  with  a 
manometer.  This  tap  is  left  open  while  the  bulb  is  in  the  furnace, 
and  is  closed  when  the  final  temperature  is  reached.  The  bulb  is  then 
allowed  to  cool,  and  the  residual  pressure  determined  by  connecting 
it  with  the  manometer. 

To  complete  the  accuracy  of  this  instrument,  it  is  necessary  to 
know  the  coefficient  of  expansion  of  porcelain,  and  any  uncertainty  in 
the  value  of  this  coefficient  will  limit  the  accuracy  of  the  indications  of 
the  instrument  All  imcertainty  from  this  cause  disappears  in  a 
vapour-pressure  thermometer  in  which  it  is  the  pressure  alone  that  is 
to  be  measured,  and  not  the  volume  or  the  pressure  under  any  given 
volume. 

We  shall  now  consider  some  of  the  various  methods  which  have 
been  proposed  for  the  estimation  of  high  tenii)eratures. 

98.  The  Method  of  Cooling:. — One  of  the  earliest  attempts  at 
pyrometry  was  that  of  Newton.*-  in  the  estimation  of  the  temperature 

'  Deville  and  Troost,  yinyi.  dc  Chiuiic  r(  de  Phi/siqucy  3»  s^ric,  torn.  Iviii.  p.  2f»7, 
ISOO. 

"  Xewtoii,  "ScalaCiraduum  Caloris,"  Phi/.  Trans,  vol.  xxii.  p.  824,  1701. 
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f  red-hot  iron.  The  method  employed  consisted  in  observing  the  time 
equired  by  the  heated  mass  to  cool  under  given  conditions.  Assuming 
certain  law  of  cooling  to  hold  at  all  temperatures,  then  by  observing 
he  rate  of  cooling  at  known  temperatures,  the  data  necessary  to 
stimate  the  initial  temperature  may  be  obtained  from  the  time  of  cool- 
3g  to  some  other  known  temperature.  The  law  assumed  by  Newton  Newton's 
ras  that  the  rate  of  cooling  of  a  body  under  given  conditions  is  pro-  JJ^i^_ 
ortional  to  the  temperature  difference  between  the  body  and  its 
orroundings,  and  this  law  has  since  passed  under  the  name  of  Newton's 
iw  of  cooling. 

If  such  a  law  were  found  to  hold  accurately  at  all  temperatures 
rithin  the  range  of  our  standard  thermometer,  then  such  an  agree- 
nent  might  warrant  the  use  of  the  law  and  methods  founded  on  it  to 
xtend  the  scale  of  temperatures  beyond  the  limits  of  the  standard 
herniometer.  No  such  agreement  has,  however,  been  found,  and  it  is 
»nly  for  very  moderate  differences  of  temperature  that  the  law  appears 
o  be  even  approximately  verified.  In  this  case,  then,  the  application 
rf  the  method  to  the  measurement  of  temperatures  beyond  the  range 
)f  standard  instruments  would  be  illegitimate  and  unreasonable. 

99.  Pyrometry  by  Vapour  Densities. — The  direct  observation  of 
-be  density  of  mercury  vapour  was  suggested  by  Regnault  ^  as  a 
method  of  estimating  high  temperatures.  Some  mercury  is  placed  in 
ft  wroughtriron  flask  and  exposed  to  the  temperature  to  be  measured. 
As  the  mercury  boils  away  the  air  is  expelled,  and  the  flask  is  finally 
left  filled  with  the  vapour  of  mercury  at  the  temperature  of  the 
furnace.  When  temperature  equilibrium  is  attained  the  mouth  of  the 
flask  is  covered  with  a  lid,  so  that  the  neck  is  closed  and  the  flask  is 
allowed  to  cooL  The  vapour  condenses,  and  the  liquid  mercury  is 
collected  and  weighed.  Assuming  the  vapour  to  obey  the  laws  of  a 
perfect  gas,  the  temperature  may  be  easily  calculated  from  the  known 
density  of  mercury  vapour  and  the  volume  of  the  flask  corrected  for 
Expansion.  A  porcelain  flask  furnished  with  a  ball  stopper  may  be 
'Js^d  instead  of  one  of  wrought  iron. 

The  vapour  of  iodine  has  been  used  by  Deville  and  Troost  for  the 
*^e  purpose.  The  iodine  was  enclosed  in  a  porcelain  flask  of  about 
^00  c.c.  capacity,  furnished  with  a  fine  stem,  which  just  protruded 
*^ni  the  fiurnace  chamber.  The  nozzle  was  closed  by  a  loosely  fitting 
stopper,  |)ast  which  the  vapour  could  escape.  When  the  iodine  was 
^nipletely  vaporised  and  equilibrium  of  temperature  established,  the 
•topper  was  fused  into  the  nozzle  by  an  oxyhydrogen  blow])ipe.  The 
^%'bt  of  the  iodine  still  remaining  in  the  flask  was  determined  as 
^  Regnault,  Ann,  de  Chimie  ct  de  Physitjue,  ^^\  toni.  Ixiii.  p.  .']9,  istn. 
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soon  as  it  cooled,  and  the  volume  of  the  flask  and  the  density  of 
iodine  vapour  being  known,  the  temperature  of  the  furnace  was 
estimated.  The  correction  for  the  expansion  of  the  flask  was  made 
by  noting  the  elongation  of  a  rod  of  porcelain  for  temperatures  up  to 
1500°  C.i 

100.  Siemens*s  Pyrometer. — The  electric  resistance  of  a  metallic 
wire  is  found  to  increase  gradually  with  the  temperature,  and  conse- 
quently on  this  property  a  system  of  thermometry  may  be  established. 
The  pyrometer  invented  by  Siemens ^  depends  on  the  change  of  the 
electric  resistance  of  a  platinum  wire  when  heated.  The  wire  (Fig. 
31)  was  doubled  and  wound  on  a  cylinder  of  refractory  fireclay. 
When  thus  coiled  its  ends  were  fastened  to  stout  platinum  wires  of 
such  a  length  that  their  further  ends  are  never  very  warm,  and  these 
in  turn  were  connected  by  copper  wires  to  the  binding  screws  on  the 
outside  of  the  case  of  the  pyrometer.     The  copper  wires  were  enclosed 
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Fig.  31. 

in  a  stout  wrought-iron  tube  of  about  3*5  cm.  diameter  and  120  cm. 
in  length  which  projected  from  the  furnace  or  other  space  whose 
temperature  was  to  be  measured,  and  formed  a  handle  of  support  for 
the  whole  instrument.  The  platinum  coil  was  enclosed  in  a  sheath, 
of  platinum,  or  wrought-iron,  fastened  to  one  end  of  the  iron  tube,  and 
the  coil  was  i)acke(l  in  this  she^ith  with  asbestos  to  prevent  shifting. 

The  most  importiint  point  to  determine  is  the  constancy  of  the 
resistance  of  the  coil  at  a  given  temperature,  or  if  it  will  always  he 
the  same  at  the  same  temperature.  A  thermometer  should  be  free 
from  secular  changes  of  its  zero,  and  it  should  therefore  be  determined 
how  much,  if  any,  permanent  alteration  occurs  in  the  resistance  of  the 
platinum  wire  after  prolonged  or  repeated  exposure  to  high  temper*' 
tures.  These  points  were  examined  by  a  committee  of  the  British 
Association."*  Denoting  the  resistance  of  the  coil  at  10°  C.  byBic* 
and  its  resistance  at  0    by  K^,  the  formula  employed  was  * 

'  [Tlie  use  of  the  vajKnir  of  iodine  in  this  method  is  objcctiouable,  as  its  ex|*'** 
slon  does  not  follow  the  law  for  a  perfect  gas,  owing  to  the  dissociation  of  theiodio* 
moleculo  into  simpler  molecules  at  high  temperatures.] 

-  C.  Wm.  Siemens,  Phi/.  Mfuj.  vol.  xlii.  p.  150,  1871  ;  see  also  Brit.  Assoc.  B^ 
1874. 

•'  See  Hrlt.  Assoc,  /import  for  1874. 

*  [Tlie  earliest  formula  for  the  purpose  of  expressing  the  relation  between  w»' 
resistance  and  temperature  of  a  metallic  wire  was  given  by  Clausius  {Pogg'  ^**' 
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«rhere  a  is  a  constant  depending  on  the  nature  of  the  wire. 

In  the  case  of  coils  surrounded  by  a  platinum  sheath  exposure  to 
high  temperatures  caused  no  serious  permanent  change  in  the  resist- 
ance, but  a  considerable  permanent  increase  of  resistance  was  caused 
in  those  coils  which  were  enclosed  in  iron  sheaths.     These  alterations 
were  due  to  prolonged  exposure  to  high  temperatures  rather  than  to 
alterations  from  high  to  low,  and  as  Professor  Williamson  pointed  out, 
arose  from  a  permanent  alteration  of  the  platinum  coil  caused  by  the 
combined  action  of  the  atmosphere  inside   the    iron    case,   and   the 
silica  of  the   fireclay  cylinder  on  which  the  coil  is   wound.       Such 
pennanent  alterations  of  the  resistance  of  the  spiral  of  course  destroy 
the  accuracy  of  the  instrument,  and  it  is  obvious   that  the  fireclay 
cylinder  should  be  replaced  by  something  less  objectionable,  or  dis- 
pensed with  altogether.     With  this  view  the  thorough  examination  of 

^ol.  ci?.,  1858)  on  the  results  of  experiments  made  by  Arndtsen.  Clausius  found 
tliat  according  to  these  experiments  the  resistance  of  the  ordinary  metals,  with  the 
exception  of  iron,  could  be  represented  by  the  formula 

R  =  R<,(1  + -00366^) 

*We  R  is  the  resistance  at  ^  C,  and  R^  that  at  0**  C.  If  this  formula  were  true  for 
*11  ranges  of  temperature,  the  resistance  would  vanish  at  the  absolute  zero,  the  metal 
Incoming  a  perfect  conductor. 

Later  experiments,  however,  showed  that  the  above  formula  does  not  represent 
^«  facts  accurately  even  at  ordinary  tempei-atures.] 

The  problem  of  the  variation  of  electrical  resistance  with  temperature  was  also 
attacked  by  Sir  Wm.  Siemens.     He  proved  that  the  formula  given  by  Matthiessen 

R^  =  R(l-a^-f/3^2)^ 

**»  quite  inapplicable  except  between  the  limits  0"  and  100°  C.  His  own  experi- 
i&cnts  led  him  to  suggest  the  formula 

R  =  a0  +i30  +  7, 

"'It  the  more  recent  experiments  of  Calleudar  have  provetl  that  this  formula  does 
"^ot  represent  the  results  of  observation  so  well  as  a  simple  formula  of  the  ordinary 

R  =  Ro(l+o^  +  /3^). 

*li«  formnla  in  the  text  is  a  particular  case  of  this  in  which  lO""  C.  is  taken  instead 
<>f  the  zero. 

Siemens's  experiments  were  published  in  the  Traiimdians  of  the  Society  of  I'rlc- 
'■P^ph  Engineers^  1875.  They  were  of  a  very  rough  character,  and  were  uiuU-rtaken 
^^tv\y  with  the  object  of  graduating  a  commercial  pyrometer. 

Siemens  applied  the  variation  of  the  resistance  of  jdatiuum  to  the  measurement 
^'deep-sea  temperatures.  Two  coils  of  platinum  wire  of  cijual  resistance  were  em- 
P'oyed.  One  of  these  was  let  down  to  the  sea  bottom,  and  the  other  was  placed  in 
*^th,  the  temperature  of  which  was  varied  till  equality  of  resistance  was  restored 
•^twetn  the  coils.  The  temperature  of  the  sea  bottom  was  then  the  same  as  that  of 
tke  bath. 
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the  properties  of  the  instrument,  and  of  its  qualifications  as  a  reliable 
sUmdard  of  reference,  Wiis  undertaken  by  Prof.  Callondar^  with 
such  fa\'ourable  results,  that  he  considers  the  platinum  resistance  ther- 
mometer not  only  a  trnstworthy  instrument  in  pyrometry,  but  also 
that  it  possesses  those  permanent  qualities  which  recommended  it 
specially  as  a  standard  of  reference  in  thermometry. 

101.  Platinum  Resistance  Thermometers. — After  a  careful  in 
vestigation  of  the  variations  of  the  resistance  of  platinum  vrire  with 
temperature,  Prof.  Callendar  concluded  that  piu*e  platinum  wire,  free 
from  alloy  with  silicon,  carbon,  tin,  or  other  impurities,  when  not 
subjected  to  strain  or  rough  usage,  possessed  always  the  same  resistr 
ance  at  the  same  temperature.  Ditt'erent  lengths  of  the  pure  wire 
were  found  to  behave  similarly,  and  their  resistances  were  not  found 
to  be  subject  to  any  j)ernianent  change  from  heating  and  cooling,  jHt)- 
vided  they  were  not  stiuined  or  chemically  altered.  It  therefore 
possesses  in  a  high  degiee  the  qualifications  necessary  to  a  scientific 
standard.  Thus  while  the  gjis  thermometer  possesses  several  advan- 
tages as  an  ultimate  standard  it  is  practically  impossible  to  use  it  in 
ordinary  work,  while  the  platinum  thermometer,  on  the  other  hand, 
when  once  sumdanlised  by  comparison  with  the  gas  thermometer, 
can  be  readily  used,  and  may  be  subsequently  employed  as  a  standard 
of  comparison  for  other  thermometers,  and  thus  the  elalx)rate  precau- 
tions and  s|)ecial  apparatus  otherwise  necessary  for  this  purpose  are 
avoided.  The  practical  difficulty  in  the  comparison  of  thermometers 
is  th<*  niainUiining  of  an  enclosure  at  a  constant  temperature,  but  in 
the  standardising  of  the  platinum  thermometer  this  difficulty  is  avoided 
by  enclosing  the  spiral  in  the  bulb  of  the  air  thermometer. 

Assuming  the  simple  formula  K  =  K„(l  +  aOp\  it  follows  that  the 
temperature  Oj„  registered  by  the  platinum  thermometer  when  its  re- 
sistance is  K,  will  be 

This  will  (lirt'er  somewiiat  from  the  temperature  6  registered  by  the 
gas  thernioineter.  because  the  assumed  formula  for  R  is  not  applicable 
throuiih  any  extended  range,  but  Callendar  found  that  the  difference 
of  the  indications  uf  the  two  instruments  may  be  represented  through 
a  \  erv  wide  range  with  great  accuracy  by  the  parabolic  formula 

'      iVioo/     100  j' 
where  f^  is  a  constant  t(»  be  determined  for  the  particular  specimen  oi 

^   II.  L.  CalU-mlar,  /'/<//.  Tntns.,  1887,  p.  161. 
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re  employed,  and  may  be  obtained  from  a  single  observation  of  the 
iling  point  of  sulphur^  or  mercury,  or  some  other  substance,  whose 
iling  point  0  is  accurately  known.  The  first  work  of  Callendar  was 
m  afterwards  confirmed  by  Principal  Griffiths,^  who  found  that 
I  above  formula  possessed  greater  accuracy  than  even  Callendar 
pposed.-* 

In  the  form  adopted  by  GriflBths  the  platinum  wire  was 
)und  on  a  roll  of  asbestos  paper,  its  ends  being  soldered  to  thick 
pper  leads  (comlnunicating  with  binding  screws),  which  for  the  sake 
insulation  were  enclosed  in  narrow  glass  tubes. 

The  great  superiority  of  the  platinum  resistance  thermometer  over 
)uid-in-glass  thermometers  lies  not  only  in  its  far  wider  range,  but 

mm  ^^^ 

SO  in  its  comparative  freedom  from  changes  of  zero.  The  wire  when 
ire  and  well  annealed  has  always  sensibly  the  same  resistance  at  the 
ime  temperature.  Thus  while  it  is  difficult  to  attain  an  accuracy  of 
(jth  of  a  degree  at  temperatures  as  low  as  200"  C.  with  a  mercury 
lermometer,  with  a  properly  constnicted  platinum  thermometer  the 
iro  does  not  vary  by  y^th  of  a  degree  at  any  temperature  up  to 
00°  C,  and  in  some  of  Callendar's  thermometers  it  was  found  not  to 
lange  more  than  yV*'^^  ^^  ^  degree  up  to  1300°  C.  For  temperatures 
elow  700'  C.  the  coil  and  leads  may  be  enclosed  in  a  tube  of 
imensions  similar  to  those  of  an  ordinary  thermometer,  and  the  leads 
*ay  be  of  copper  or  silver  and  the  tube  of  hard  glass.  For  accurate 
'ork  at  high  temperatures  platinum  leads  must  be  used,  and  the 
'hole  must  be  enclosed  in  a  tube  of  glazed  porcelain.  For  insulating 
^e  coil  and  leads  nothing  answers  so  well  as  mica.*  Most  varieties  of 
^y  are  apt  to  attack  the  wire  at  high  temperatures,  and  the  large 
^*ss  of  a  clay  cylinder  reduces  the  delicacy  of  the  instniment.  The 
'^re  is  preferably  doubled  on  itself  like  an  ordinary  resistance  coil  and 
ten  wound  on  a  thin  plate  of  mica  (Fig.  32),  the  leads  being  insulated 
•y  ^ing  made  to  pass  through  a  series  of  mica  wads  cut  to  fit  the 
^  containing  the  instrument.  This  gives  very  perfect  insulation, 
^nd  prevents  convection  currents  of  air  up  and  down  the  tube. 

In  order  to  eliminate  the  effect  due  to  variation  in  the  resisUmce  of 
^"6  leads,  a  pair  of  a>mpenmtiri(j  k(nfi<y  consisting  of  a  loop  of  wire  of 
^^e  same  material  and  dimensions  as  the  leads,  are  included  in  the 
^^trument,  and  their  terminals  connected  up  so  as  to  form  i)art  of  the 

'  ^Callendar  and  Giimtbs,  Phil.  Trans.,  A.,  p.  161,  1887. 

*  *-  H.  Griffiths,  Proc.  Rotj.  .Voc,  Dt-ceinber  1890. 

f'or  this  reason  it  has  been  also  jiroposed  by  T.  Kwan  aii<l  W.  W.  Haldane  (u-e 
ih^*^  tl*«'se  tbermonieterH  as  standanls  of  coniiKirison  for  li(iuid  tliennonieters 
^^-  MmchcM*:r  Lit.  and  Phi/,  .SV.,  1890-91,  p.  :J57). 

*  H.  L  Callendar,  Phi/,  Mag.,  July  1891,  p.  104. 
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adjacent  ann  of  the  Wheatstone's  resiatance  bridge.     Thus 

in  resistance  of  the  leads  is  balanced  by  an  equal  increase  ii 

aoce  of  the  compensating  leads.      By  this  means  leads  i 

venient  length  and  flexibility  may  be  employi 

p^B       observations   will   be   independent  of   the  long 

immersed.' 

With  a  mercuiy  thei'mometer,  on  the  other 
portion  of  the  stem  must  be  exposed  to  the ; 
correction  arising  in  this  respect  is  so  uhcertai 
now  often  avoided  by  using  a  series  of  thern 
"limited  scale."  Each  of  these  must  have  ai 
points  of  its  scale  specially  determined.  Thi 
hitherto  done  by  means  of  substances  of  km 
{mints  and  Trcezing  points,  but,  as  Griffiths  has  ■■ 
frradnation  may  he  more  eiisily  and  accurately 
comparison  with  a  single  platinum  thennomet< 
single  platinum  thermometer  may  be  used  to  do  1 
a  whole  series  of  li(|iiid-in-gtass  thermometet 
j;reater  accunicy  and  without  the  necessity  of  a[ 
troublesome  and  uncertain  corrections.^ 

The  method  recommended  by  Callendar  an 
for  standardising  the  platinum  thermometer 
observation  of  the  Iwiling  point  of  sulphur,  o 
piwition  that  the  tempeiature  of  the  vapour 
Imtling  under  7G0  mm.  pressure  is  444°'53  C. 


thermometer,  alio 
diilVreiit  from  this. 


ig  0  ■OK'l  C.  for  each  mm. 
This  tcm]>erature  of  boili 
sly  from  a  series  of  very 


l>o  ri  m  en  ts.* 

Thus  when  K„  and  Kj^^  have  been  determinec 
U  for  some  tlunl  known  tumperatiu'e  (the  boiling  point  of  sul 
ffp  for  this  temponitiire  Incomes  completely  determined,  and  b 
ing  in  the  formula  for  ff  -  tfp  the  value  of  ^  is  deduced, 
mination  of  the  resistance  in  Itoiling  sulphur  is  attended  with 
and  requires  a  s{)ecial  apiiaratus,  but  it  has  been  recentlj 

'  Piir  a  full  ilcscriptiaii  of  lli<-  iii^Iniiiii-iit  and  the  arraDgenieiit  o 
stono'B  bri<lKL'.  ae.-  ftii  artii'le  by  K.  II.  (irjllidis  in  X.itiire,  Nov.  ISHS.  i 

■'  K.  H.  tili(lltll.t,  Jirit.  As^-r  n.,,<;l.  ISHO. 

^  Callendar  iLiiil  Orillitlis,  Phil.  Tmiix.,  18'.<1,  A..  ]>)>.  119-1.57. 

*  An  iutcreHtiii};  nones  urex]H-rJmeiit!i  wiih  tliU  iiistninieiit  on  tlie  i 
iif  silver  liaa  been  di'wribed  by  l'i'«r.  Cullviiilar  in  the  Phifaiophiail  Mi 
ISK-.',  |>.  -no.  I  (.'hi). I  ml''  ^ives  I'ur  thi'  boiling  I'jiiit  <it  »u]i>hur  J44°-3  L'. 
wM  nitli  thv  above.) 
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Griffiths  and  Clark  that  this  determination  may  be  avoided  by  assum- 
ing, in  accordance  with  the  observations  of  Dewar  and  Fleming,  that 
the  resistance  of  certain  pure  metals  (including  platinum)  diminishes  at 
low  temperatures  in  such  a  way  as  to  lead  to  the  conclusion  that  at 
absolute  zero  it  vanishes.^  This  gives  R  =  0  when  6=  -273,  and 
consequently  when  a  high  order  of  accuracy  is  not  a  sine  qua  non,  and 
when  the  spiral  is  known  to  be  tolerably  pure,  this  value  may  be  used 
with  R^j  and  R^qq  to  determine  8,  and  the  instrument  can  be  graduated 
by  direct  observations  of  R  in  steam  and  melting  ice  alone.* 

Another  form  of  resistance  thermometer  is  that  described  by  Mr. 
W.  N.  Shaw.^     In  this  instrument  one  arm  of  a  Wheatstone's  quadri- 
lateral is  a  platinum  wire  and  the  other  three  consist  of  platinum-silver  Shaw's 
wire.     The  platinum  wire  and  the  alloy  have  different  temperature    "  ^' 
coefficients,  and  consequently,  if  the  arms  of  the  quadrilateral  are  so 
arranged  that  a  balance  exists  at  any  definite  temperature,  then  at  all 
other  temperatures  equilibrium  will  be  destroyed,  but  the  balance  may 
be  restored  by  shunting  the  platinum  arm.     This  can  be  effected  by 
connecting  a  resistance  box  in  a  suitable  manner  with  the  projecting 
leads,  and  the  resistance  of  the  shunt  required  to  produce  a  balance 
may  be  employed  to  indicate  the  temperature  when  the  instrument 
has  been  graduated.     The  wires  of  the  quadrilateral  are  laid  side  by 
ttde  and  enclosed  between  two  strips  of  india-rubber,  so  as  to  take  the 
form  of  a  narrow  flexible  ribbon  which  can  be  rolled  round  a  cylinder 
or  burette,  the  mean  temperature  of  which  is  required.     The  gradua- 
tion was  effected  by  winding  the  ribbon  on  a  metal  cylinder,  and 
inimersing  the  whole  in  ice  or  a  water  bath,  and  taking  readings  at 
various  temperatures.     With  a  suitable  galvanometeV  a  variation  of 
about  y^  of  a  degree  of  temperature  may  be  detected. 

102,  Calorimetrie  Method. — The  determination  of  the  melting 
points  of  refractory  metals  by  calorimetry  has  been  studied  by  M. 
Molle.*  This  method  is  convenient,  and  often  employed  to  determine 
tbe  temperatures  of  furnaces.  For  this  purpose  the  law  of  variation 
with  temperature  of  the  specific  heat  of  some  metal,  such  as  copper, 

'  E.  H.  Griffiths  and  G.  M.  Clark,  Phi/.  Mag.,  vol.  xxxiv.  p.  515,  Dec.  1892. 
^,  however,  Art,  106. 

^  [A  high  degree  of  accuracy  cannot  be  attained  witli  platinum  thermometers 
'^Iws  special  precautions  are  taken.  Amongst  others  may  be  mentioned  the 
necessity  of  keeping  all  the  resistance  coils  at  a  known  uuii'orm  tem|>erature.  A 
fall  account  of  the  difficulties  encountered  in  work  of  precision  with  platinum  ther- 
'"wneters  will  be  found  in  the  Report  of  the  Kew  Observatory  Committee,  by 
C-Chree,  Pnjc.  Roy,  Soc.,  vol.  Ixvii.,  1900.] 

'  W.  N.  Shaw,  BrU.  Aasoc.  Purport,  Bath,  p.  590,  1888. 

*  ^'ompUA  JieniUi.%  torn.  Ixxxix.  j».  702,  1879. 

M 
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platinum,  or  wrought  iron,  miist  be  determined  in  advance.  A  portion 
of  the  chosen  metal  is  then  heated  in  the  furnace,  and  when  it  has 
attained  the  temperature  of  the  latter  it  is  removed  and  placed  in  a 
calorimeter.  The  quantity  of  heat  it  gives  out  in  cooling  in  this 
instrument  is  measured,  as  explained  in  Chapter  IV.,  and  from  this 
experiment  the  temperature  of  the  mass  of  metal  when  placed  in  the 
calorimeter  can  be  computed.  This  method  is  subject  to  a  serious 
error  in  the  loss  of  heat  which  inevitably  accompanies  the  transference 
of  the  metal  from  the  furnace  to  the  calorimeter,  besides  suffeiing  from 
all  the  errors  which  attend  such  a  difHcult  experiment  as  the  deter- 
mination of  a  quantity  of  heat  by  means  of  a  calorimeter. 

108.  Expansion  Method — Joly's  Heldometer. — The  measure- 
ment of  high  temperatures  by  the  elongation  of  a  bar  of  metal  has 
been  frequently  employed.  The  first  pyrometer  of  this  kind  is  attri- 
buted to  Muschenbroeck,  and  others  were  devised  in  the  early  part  of 
this  century  by  Des  Aguliers,  Ellicot,  Graham,  Smeaton,  Ferguson, 
Brongiart,  Laplace  and  Lavoisier,  and  later  by  Pouillet^  This  method 
can  be  employed  with  accuracy  only  if  the  expansion  is  referred  to  a 
scale  kept  at  a  fixed  temperature,  as  explained  in  Art.  110,  and  in  this 
respect  Pouillet's  pyrometer  is  superior  to  those  previously  employed. 
In  Daniell's  pyrometer  the  relative  expansion  of  a  metal  bar  in  an 
earthenware  socket  was  used,  and  more  recently  Steinle  and  Halting 
employed  the  expansion  of  graphite.  Weinhold,^  however,  after  in- 
vestigating this  class  of  instruments,  states  that  it  is  not  possible  to 
obtain  trustworthy  results  by  the  relative  expansion  of  solids.  Wedge- 
wood's  pyrometer  *  depended  on  the  contraction  of  a  short  cyhnder  of 
fine  fireclay  wheli  exposed  to  a  high  temperature,  and  then  allowed  to 
cool.  Such  an  instrument,  of  course,  could  only  give  a  very  rough 
idea  of  the  temperature  of  a  furnace. 

[A  form  of  high  temperature  thermometer,  depending  on  the 
expansion  of  platinum,  and  capable  of  considerable  accuracy,  has  been 
designed  by  Prof.  J.  Joly.'*  It  is  not  intended  for  general  thenno- 
metric  work,  its  use  ])eing  restricted  to  the  determination  of  melting 
points  and  the  observation  of  substances  when  exposed  to  a  high 
temperature.  For  these  purposes  it  is  more  convenient  than  any  other 
form  of  instrument,  on  account  of  the  ease  and  rapidity  with  which  it 
can  be  manipulated,  and  the  very  small  quantity  of  material  required. 

^  See  Art.  '*  IVrometry,"  Ency.  BriL 

-  P>cck«'it,  ZntscJir.  f.  Aiutl.  C/in/i.^  vol.  xxi.,  A.,  p.  284,  1882. 

•'  Wciiilioltl,  Pofjf'j.  Ann.,  vol.  cxlix.  p.  186,  etc.,  1873. 

*  Described  in  rhil.  Trans.,  1782,  pp.  84,  86. 

•'  Proi'.  liOi/.  Irish  Acad.,  vol.  ii.  ji.  38,  1891. 
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it  is  principally  used  to  determine  melting  points  it  is  called  by  the 
entor  a  metdomder. 

Tbe  instrument  consists  of  a  rectangular  piece  of  slate  cut  as 
iwn.  Fig.  33,  on  wbich  are  affixed  two  forceps,  one  of  which  is 
id,  and  the  other  free  to  rotate  about  a  vertical  axis,  the  lower  end 
which  axis  dips  into  a  trough  of  mercury,  to  ensure  good  electrical 
itacL        Between  _ 

)  two  forceps  a 
kUnum  ribbon  A  A 
kept  stretched  by 
ireik  spiral  spring 
:ached  to  the  axis 
the  movable  for- 
ps.  Two  binding 
rewB  at  the  back  of 
e  eUl«  are  in  con- 
ation with  the  two 
rcepg,  so  that  the 
>>bon  can  be  raised 
any  desired  tem- 
T»ture  —  short  of 
le  melting  point  of 
•Minum  —  by  put- 
ag  it     in    circuit 

^th  a  battery  and  variable  resistance. 
>»ted  by  the  expansion  of  the  platinum  ribl>on.  To  measure  this, 
B»t  steel  spring  K  is  fixed  to  the  far  end  of  the  movable  forceps. 
^Twn  the  micrometer  screw  S  is  moved  forward,  its  platinum  point 
Hikes  contact  v*ith  a  small  gold  plate  attached  to  the  further  end  of 
V  md  completes  an  auxiliary  electric  circuit  through  a  galvanometer 
•'Wch  is  contained  in  the  eye-piece  of  the  microscope  M.  This  afTords 
'  ^ery  delicate  means  of  determining  the  exact  point  at  which  contact 
"tt  occurs,  and  the  deflection  of  the  galvanometer  needle  can  be  seen 
"thout  removing  the  eye  from  the  microscope.  As  the  arm  K  is 
''rihle,  the  ribbon  is  not  broken  by  accidentally  screwing  S  too  far, 
"'f  forceps  are  bent  over  at  the  ends  to  allow  of  the  trough  T  being 
'*'»ed  80  as  to  surround  the  ribbon  and  exclude  draughts.  The  cool- 
\  attion  of  tlie  forceps  on  the  ends  of  the  ribbon  Is  compensated  by 
'^Pfring  tbe  ends  and  thus  inci-easing  the  heating  effect  of  the  current, 
'lie  substance  whose  melting  point  is  to  be  determined  is  finely 
IWttdered,  and  a  small  portion  of  the  powder  placed  on  the  ribbon, 
"if  tiimperature   is  then  gradually  raised  till  the  pjirticles,  viewed 


The    temperature    : 
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through  the  microscope,  are  seen  to  flow.  The  instrument  is  calibrated 
by  observing  the  expansion  for  a  number  of  substances  whose  melting 
points  are  known. 

1 04.  Thermo-electric  Thermometers. — When  a  circuit  is  formed 
of  wires  of  two  different  metals,  and  the  junctions  of  the  two  metals 
are  kept  at  different  temperatures,  an  electric  current  will,  in  general, 
be  produced  in  the  circuit,  its  magnitude  and  direction  de{)ending  on 
the  nature  of  the  metals  and  the  temperatures  of  the  junctions.  If 
one  junction  is  kept  at  a  steady  temperature,  e,g,  by  immersion  in 
melting  ice,  the  temperature  of  the  other  may  be  estimated  by 
observing  the  deflection  of  a  galvanometer  included  in  the  circuit 

This  method  was  first  used  by  Becqnerel  in  1826,  and  aftemmds 
more  carefully  studied  by  Tait,  H.  Le  Chatelier,  and  others.^  The 
dependence  of  the  electromotivtt  force  on  the  temperatures  of  the  • 
junctions  was  investigated  by  Tait,  who  found  that  for  many  metals 
the  thermo-electric  power  is  a  linear  function  of  the  temperature.* 
The  couple  proposed  by  Tait  for  pyrometric  purposes  consisted  of 
platinum  and  an  alloy  of  platinum  with  JO  per  cent  of  iridium.  I* 
Chatelier  used  a  similar  alloy,  substituting  rhodium  for  iridium. 

Two  methods  of  measurement  may  be  employed.  The  electro- 
motive force  developed  in  the  circuit  may  be  balanced  against  a  known 
electromotive  force  in  a  potentiometer,  or  the  current  may  be  measured 
by  the  deflection  of  a  galvanometer.  If  the  greatest  precision  is 
required,  the  former  method  is  preferable,  as  it  is  independent  of 
variations  in  the  resistance  of  the  circuit ;  but  the  galvanometer 
method  is  simpler  and  can  be  used  to  give  a  continuous  record. 
If  a  sensitive  galvjinometor  or  voltmeter  of  high  resistance  is  employed, 
the  deflection  will  be  very  nearly  proportional  to  the  electromotive 
force,  as  the  resistance  of  the  thermometer  and  lead^  will  be  only » 
small  part  of  the  total  resistance. 

One  of  the  best  forms  of  this  instrument  has  been  designed  by  Sir 
W.  C.  Roberts-Austen.'^  The  couple  consists  of  platinum  and  iridio- 
platinum.  The  two  wires  are  separated  by  a  slip  of  mica  and  fused 
together  at  the  ends.     In  some  cases  the  couple  is  protected  by  a  tiiin 

^  K.  Hecijuerol  .Inn.  dc  Chunic  ct  de  rUf/siquf,  torn.  IxviiL  p.  49,  3*,  1863. 
Rosctti,  Ann.  dr  ('hhnic  H  dc  Ph'/siquc,  5^  toiii.  xvii.  p.  177,  1879.  Tait,  ^/'''- 
Phi/.  TrcfHs.,  vol.  xxvii.      II.  Le  Chatelier,  Journ.  dc  Phys.^  2«,  torn.  vi.  p.  23,  lo^'- 

-  Soo  .].  J.  'riionisoii's  E/f'inrnfs  of  E/i'ctri>:ifif  awi  Magneluftn  for  a  discussion  ^ 
the  ]>heiioiiicnii  of  thcTiiio-eh-etricity. 

•'  A  full  (le-scription  is  f::iven  in  an  article  hy  A.  StansfieU,  Phi/.  Mag.,  July  IS^** 
He  finds  that  for  a  platinuni  an«]  iridio-platiniiin  couple  the  contact  electromoti^'^ 
foreo  i.s  ;i  linear  function  of  the  tcnuKTaturc,  while  the  thermo-electric  power  ^* 
not  .so. 
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tube  of  porcelain  or  fireclay.  It  can  be  rendered  more  sensitive  by 
keeping  the  cold  junction  at  a  moderately  high  temperature,  Buch  as 
that  of  boiling  sulphur  instead  of  melting  ice ;  for  if  the  whole  interval 
of  temperature  is  diminished,  the  variations  are  relatively  greater. 
For  measuring  consUnt  temperatures  the  null  method  with  a  potentio- 
meter is  used  ;  for  obtaining  continuous  records  a  mirror  galvanometer 
is  used,  a  spot  of  light  being  reflected  from  the  mirror  on  to  photo- 
graphic paper,  which  ia  kept  moving  uniformly.  In  this  way  the 
curves  of  cooling  of  various  metals  during  solidification  have  been 
obtained  by  Stansfield.^ 

Fig.  34  shows  a  simple  form  of  instrument  with  a  galvanometer. 
The  couple  is  protected  by  a  porcelain  tube 
which  can  easily  be  removed.  Inside  are 
two  small  reels  of  platinum  and  iridio- 
pUtiniun  wire,  so  that  if  the  couple  should 
!«  destroyed  at  any  time,  it  is  only  necessary 
W  unscrew  the  reels,  pull  out  a  little  wire, 
foae  the  ends  together  again,  and  the  couple 
w  ready  for  use.  In  this  simple  type  no 
special  provision  is  made  for  keeping  the  *'"'  ^'' 

wW  junction  at  a  uniform  temperature.     Each  division  on  the  scale 
fTpresents  10°  C. 

Thermo-electric  thermometers  are  not  capable  of  such  accurate 
iBQuurements  as  resistance  thermometers,  are  leas  reliable  than  the 
latter,  and  should  be  standardised  at  intervals.  Their  cost  is  less, 
bowever,  and  there  is  no  insulation  difficulty,  so  that  they  can  easily 
l«UBed  up  to  1600' C,  which  is  a  higher  temperature  than  resistance 
Ihenaometers  are  usually  constructed  to  withstand.  The  lag  also  is 
««  than  in  resistmce  thermometers,  so  that  they  iire  siiecially  adapted 
'W  giving  continuous  records  of  rapidly  varying  temperatures. 
■  106.  Other  Methods. — An  optical  pyrometer,  l)ased  on  the  varia-  Refrac- 
WW  of  the  refractivity  of  a  gas  with  temperature,  has  been  proposed  g^' ''  ° 
^7  D.  Berthelot,*  If  /*  is  the  index  of  refraction  of  a  gas,  then  /t  -  1 
"  proportional  to  the  density  (Gladstone  and  Dale's  law.  See  Thfonj 
'f  Ughi,  Art,  84).  This  law  has  been  verified  by  Chappuis  and  Riviere 
'w  pressure  changes,  and  by  Benolt  as  well  as  by  Chnppuis  and 
'■inere  for  temperature  changes.  If  now  a  Iwam  of  white  light  is 
^lit  up  into  two,  which  are  allowed  to  [Hiss  through  two  tubes,  and 
^ten  eauaed  to  produce  interference  fringes,  the  central  interference 

'  '.'■OHplet  lUadua,  April  1S85.     Tlie  variation  of  refmctivity  of  gases  Hitli  t«ni' 
[*nt)in  bni  boMi  iludinl  by  G.  \V.  Walker  (/'A;;.  Tmnf..  \.,  vol,  i-,i.    1903). 
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band  will  be  displaced  if  one  tube  is  heated.  By  altering  the  pressure 
in  the  other  tube  the  band  can  be  restored.  The  alteration  of  pressure 
in  the  cold  tube  gives  a  measure  of  the  temperature  of  the  hot  tube. 
This  method  could  be  applied  to  the  measurement  of  very  high  tem- 
peratures. The  chief  objection  to  it  is  that  the  ends  of  the  tube 
would  be  cooler  than  the  middle  portion.  Berthelot  proposes  to 
eliminate  the  end  effect  by  making  experiments  with  tubes  of  different 
lengths,  and  finding  the  displacement  due  to  the  middle  portion  alone 
by  difference.  It  might,  however,  not  always  be  possible  to  apply  this 
correction, 
iscosity  The  viscosity  of  a  gas  increases  with  temperature,  the  volume  also 
*  ^^*  increases  with  temperature  if  the  pressure  is  constant.  If,  then,  gas 
under  pressure  be  allowed  to  escape  through  a  capillary  tube,  the 
rate  of  efflux  will  decrease  rapidly  with  temperature.  ♦  The  relation, 
however,  does  not  appear  to  be  a  very  simple  one. 

Pyrometers  founded  on  this  principle  have  been  suggested  by 
Barus  ^  and  later  by  Callendar.  A  simple  form  of  apparatus  designed 
by  A.  Job  2  is  the  following.  Gas  is  liberated  by  electrolysis  in  a 
closed  vessel,  the  only  exit  being  by  a  capillary  tube.  The  gas  being 
disengaged  at  a  uniform  rate,  the  pressure,  which  can  be  measiu^  by 
a  manometer,  rises  until  the  efflux  is  equal  to  the  rate  of  production  of 
the  gas.  When  a  steady  state  is  attained,  the  pressure  gives  a 
measure  of  the  temperature  of  the  capillary  tube.  This  instrument 
was  graduated  by  comparison  with  the  thermo-electric  pyrometer  of 
Le  Chateiier. 
lendar's  A  very  interesting  form  of  apparatus  is  Prof.  Callendar's  jTran^ptrc- 
Tiou  '^^'^  Balance.^  The  idea  of  measuring  the  resistance  offered  to  the  flow 
ance.  of  a  gas  through  a  small  aperture  by  an  arrangement  similar  to  the 
Wheatstone's  bridge  in  electrical  measurements  was  first  suggested  by 
W.  N.  Shaw.  The  complete  analogy  to  the  platinum  resistance 
thermometer  was  carried  out  by  Prof.  Callendar.  The  fine  wire 
resistances  are  replaced  by  a  graduated  series  of  fine  tubes,  which  can 
be  short-circuited  by  taps  of  relatively  large  bore  corresponding  to 
plugs  of  negligible  resistance.  The  galvanometer  is  replaced  by  a  g*^' 
current-indicator  or  rheostat,  consisting  of  a  delicately  suspended  vane 
which  would  be  deflected  by  a  current  of  gas.  The  pyrometer  consist^ 
of  a  fine  platinum  tube.  A  steady  flow  of  gas  being  kept  up  throng*^ 
the  apparatus,  if  the  platinum  tube  is  heated,  an  increased  resistance 
i.s  offered  to  the  passage  of  the  gas,  owing  to  its  increased  volume  an^ 

'   Ge()h)(jk(d  ,Surv€}/  of  C.S.,  1889. 
-  Coin/>/rs  JkiKhis,  Jan.  1002. 
='  Sec  Natuir,  March  1S9P. 


ART.  106  PYROMETRY  AND  LOW  TEMPERATURE  THERMOMETRY     167 

viscosity.  This  causes  a  deflection  of  the  vane,  which  can  be  balanced 
by  shutting  off  some  of  the  short-circuiting  taps  in  the  adjacent  arm  of 
the  bridge.  The  resistance  due  to  heating  is  thus  measured,  and  the 
temperature  deduced.  As  in  the  case  of  the  platinum  thermometer, 
the  pyrometer  is  provided  with  "compensating  leads." 

In  pottery  works  Prinsep's  alloys  have  commonly  been  used  to 
determine  the  temperature  of  the  furnace  (see  p.  102),  or  Seger's 
'*  normal  pyrometric  cones."  ^  These  latter  are  cones  of  fusible  clays 
of  graduated  melting  points,  like  Prinsep's  alloys.  These  rough 
tnethods  are  being  superseded  by  the  use  of  platinum  thermometers. 

The  superior  limit  of  temperature  at  which  the  pyrometers  here 
described  can  be  used  is  about  1500"  C  or  1600°  C,  often  much  less. 
For  higher  temperatures  recourse  must  be  had  to  methods  in  which 
the  intensity  of  radiation  from  a  heated  body  is  measured.  The  dis- 
cussion of  these  methods  will  be  found  in  the  chapter  on  Radiation 
[see  Chap.  VI.). 

106.  Low   Temperature    Thermometry. — In   view  of    the    im- 
portance which  low  temperature  research  has  assumed  in  recent  years, 
owing  to  the  work  of  Wroblewski  and  Olszewski,  Dewar  and  Fleming, 
and  others,  the  need  of  some  convenient  and  accurate  method  for 
measuring  very  low  temperatures   has  been '  increasingly  felt.     The 
difficulties  encountered  are  of  a  somewhat  different  nature  from  those 
which  are  met  with  in  the  measurement  of  high  temperatures.     The 
extrapolation  has  not  to  be  carried  so  far — absolute  zero  being  only 
273''  below  O''  C. — and  there  is  no  difficulty  in  finding  a  suitable 
material  for  the  bulb  of  a  liquid  or  gas  thermometer;  but,  on  the 
other  hand,  liquids  solidify  and  gases  liquefy  when  the  temperature  is 
sufficiently  reduced.     Mercury  freezes  at    -  SS'^'S  C.  and  alcohol  at 
-111^*8  0.,  thermometers  containing  these  liquids  can  therefore  not 
he  used  for  lower  temperatures. 

A  liquid-in-glass  thermometer  has  been  constructed  by  L.  Holborn  ^  Petroleun 
▼bich  can  be  used  down  to  the  temperature  of  liquid  air.  The  liquid  ^o^gj^^' 
^ised  is  obtained  by  distilling  petroleum  ether,  boiling  at  33°  C,  and 
obtaining  therefrom  a  more  volatile  portion  boiling  at  about  20°  C. 
^th  which  the  bulb  is  filled.  This  distilled  petroleum  ether  remains 
^uid,  though  somewhat  viscid,  at  -  1 90°  C.  It  is  not  a  definite 
^^mpound,  but  a  mixture  of  several  substances.  This  is  a  dis- 
^vantage,  but  its  fluidity  at  such  low  temperatures  is  due  to  its  being 
a  mixture  (see  Art.  179). 

It  is  well  known  that  gases  deviate  farthest  from  Boyle's  law  when 

»   ThoninindustriC'Zeitunff.  pp.  135,  145,  168,  1886. 
^  Ana.  der  Physik,  Oct.  1901. 
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ther-  .  near  liquefaction,  and  hence  it  might  be  supposed  that  the  standard 
eters.  }jy(jj.Qgen  thermometer  would  become  untrustworthy  at  temperatures 
approaching  the  liquefying  point  of  hydrogen.  Olszewski  ^  has  found, 
however,  by  comparing  thermometers  containing  oxygen,  nitrogen,  and 
nitric  oxide  with  a  hydrogen  thermometer,  that  these  gases  can  be 
used  to  measure  temperatures  near  their  liquefying  points  with  an  error 
of  not  more  than  2°  C.  Later  experiments  by  Prof.  Dewar*  have 
shown  that  the  discrepancy  is  considerably  less  than  this.  Two 
thermometers  filled  with  hydrogen  prepared  (1)  electrolytically  and 
(2)  by  disengagement  from  palladium  previously  saturated  with  the 
gas  gave  -  182''*2  C.  and  -  182°-7  C.  as  the  boiling  point  of  oxygen  at 
atmospheric  pressure,  while  a  thermometer  filled  with  oxygen  gave 
-  182^*3.  The  boiling  point  of  liquid  air  by  the  oxygen  thermometer 
was  -  189° -6  and  by  a  carefully  standardised  gold  resistance  thermo- 
meter -  189°-7.  Similarly  the  boiling  point  of  hydrogen  registered 
by  the  hydrogen  thermometers  was  -  253"-0  and  -  253°-4,  while  a 
helium  thermometer  gave  -  252''-7  and  -  252°'8.  These  results 
indicate  that  a  gas  thermometer  can  be  relied  upon  even  at  the 
liquefying  point  of  the  gas  it  contains, 
istauce  Platinum  resistance  and  thermo-electric  thermometers  can  also  he 
ers.  employed  for  the  measurement  of  low  temperatures,  and  are  un- 
doubtedly very  convenient  to  use.  According  to  the  experiments  of 
Dewar  and  Fleming,^  the  resistance  of  all  pure  metals  diminishes  m 
such  a  way  as  to  indicate  that  it  would  vanish  or  nearly  vanish  at 
absolute  zero  (see  Fig.  35).  The  resistance  of  an  alloy,  however, 
diminishes  far  less  rapidly  and  may  even  increase.  At  very  1^^ 
temperatures  the  slightest  impurity  in  a  wire  of  a  single  metal  has  an 
enormous  effect  in  increasing  the  resistance,  and  hence,  by  taking  the 
resistjinco  of  a  metal  when  immersed  in  liquid  air,  a  very  delicate  test 
of  its  purity  is  afforded,  so  much  so  that  Prof.  Fleming,  considers  that, 
as  an  analytical  method,  it  ranks  almost  with  the  spectroscope.  This 
effect  is  verv  marked  in  the  case  of  bismuth. 

It  follows  that,  even  if  the  law  originally  suggested  by  Arndtsen 
— that  the  resistance  of  pure  metals  is  proi)ortional  to  the  absolute 
temperature — should  be  verified  for  very  low  temperatures,  it  would 
be  unsafe  to  trust  the  purity  of  even  the  most  carefully  prepared 
metals  at  the  lowest  attainable  temperatures,  unless  each  specimen 
were   c()mj)ared    with   a   hydrogen   or    helium   thermometer  at  these 

'    JVird.  Ahii.,  vol.  xxxi.  ]>.  58,  18S7. 

-  Proc.  Ji(fff.  .S'or.,  vol.  Ixviii.,  1901.     The  atmospheric  pressure  varied  in  these 
ex]H'riinonts  from  760  li  to  TT'i'f)  mm. 
•'  /Vi/7.  Moff.,  Sept.  18l»3. 
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iree.  The  physical  conditions  of  the  wire  might  also  have  to 
Uy  attended  to.  Tlius,  in  the  case  of  bismuth,  it  was  found 
twerful  transverse  magnetic  field  *  at  ordinary  temperatures 
>re  than  doubled  the  resistance  of  a  wire ;  but,  when  immersed 
air,  the  resistance  was  increased  to  150  times  its  normal 
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t   that  temperature  by  the  application  of  the  same  magnetic 

Dewar  *  has  compared  the  readings  of  resistance  thermometers 
s  metals  at  the  temperature  of  liquid  hj'drogen.  Using  the 
of  Art  101,  he  found  that  the  readings  of  all  the  thermo- 
ere  too  high.  The  best  results  were  given  by  the  gold  and 
.  thermometers,  the  former  registering  -  2-19"'4  and  the  latter 
[,  the  correct  value  being  -  252°'7.  The  resistance  of  these 
ppears  to  become  almost  constant   in  the  neighbourhood  of 

ir  «nd  FleminR,  Froc.  Jivij.  Soc.,  vol.  Ix.  [..  *25.  1896.97.     The  strength  of 
tic  field  was  21,S00  C.G.S.  miita. 
Jbj/.  Soc.,  vol.  Iii-iii.  |i.  .IfiO.  1301, 
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this  temperature.     This  shows  that  the  conclusion  first  arrived  at— 
that  the  resistance  would  probably  vanish  at  absolute  zero — is  not 
borne  out  by  the  later  experiments.     Whether  we  attribute  this  result 
to  residual  traces  of  impurity  in  the  metals  used,  or  to  a  genuine 
change  in  the  mode  of  variation  of  resistance,  it  is  clear  that  resistance 
thermometers  cannot  at  present  be  trusted  at  such  low  temperatures. 
Thermo-         Thermo-electric  thermometers,  if  carefully  standardised  by  com- 
therm^    parison  with  gas  or  platinum  thermometers,  are  also  very  convenient 
meter,      to  use  in  the  measurement  of  low  temperatures.     The  mode  of  varia- 
tion of  thermo-electric  power  of  a  large  number  of  metals  has  been 
determined  by  Dewar  and  Fleming.^     Their  experiments  were  carried 
out  at  temperatures  ranging  from  the  ordinary  temperature  of  tlie 
atmosphere  to  that  of  liquid  air. 

At  the  present  time,  the  hydrogen  or  helium  thermometer  must  be 
regarded  as  the  standard  instrument  for  low  temperature  research. 
Gas  thermometers  are,  however,  very  troublesome  to  work  with,  owing 
to  their  bulk,  their  slowness  in  adjusting  themselves  to  the  temperature 
of  their  surroundings,  the  precautions  to  be  observed  and  the  correc- 
tions which  have  to  bo  made.  For  temperatures  which  are  not  lower 
than  -  200"  C,  the  platinum  resistance  thermometer  is  much  more 
convenient  to  use  and  gives  accurate  results.] 

•  Phil.  Maij.,  vol.  xl.  p.  9r»,  189f». 
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DILATATION    OF   SOLIDS 


107.  Cubical  Expansion. — In  approaching  the  subject  of  expansion 
heat  it  is  necessary  to  bear  distinctly  in  mind  the  exact  meaning, 
I  mode  of  measurement,  of  temperature.  It  being  agreed  to  measure 
inges  of  temperature  by  changes  of  the  volume  of  some  substance, 
der  given  conditions  of  pressure  (hydrogen  for  example  under 
istant  pressure),  we  have  then  by  definition  a  distinct  relation 
tween  the  volume  and  temperature  of  this  substance,  of  the  form 

this  formula  Vq  is  the  volume  at  the  chosen  zero  of  temj>erature, 
d  equal  changes  of  temperature  are  measured  by  equal  changes  of 
>lunie  of  this  substance.  The  change  of  volume  for  one  degree  of 
mperature  is  aV^,  and  a  is  a  constant  throughout  the  whole  scale. 

For  other  substances  we  might  still  retain  a  formula  of  the  same 
lape  in  which  a  must  be  replaced  by  a  function  of  the  temperature, 
id  the  general  expression  for  the  volume  at  any  temperature  6  will 
s  of  the  form 

here 

a  =  a  +  6^-f-c^  +  etc. 

or  most  substances  the  coefficients  6,  c,  etc.,  diminish  very  rapidly 
^^  the  equation  V  =  Vq(  1  +  a^)  holds  very  approximately  when  a  is 
^g&rded  as  a  constant  for  each  particular  substance. 

In  the  foregoing  equations  it  is  tacitly  assumed  that  the  volume 
**  any  substance  under  constant  pressure  is  always  the  same  at  the 
^^e  temperature,  that  is,  that  the  volume,  under  given  conditions  of 
*^e8sure,  is  a  function  of  the  temperature.  This  assumption  will  be 
^gitimate  if  the  volume  depends  only  on  the  temperature  and 
?^^ure,  and  this  appears  to  be  the  case.  Apparent  exceptions 
^cur  in  such  substances  as  glass,  in  which  the  previous  treatment 
^omes  a  factor  of  importance  and  modifies  the  characteristics  of 
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the  substance.  The  volume  in  such  cases  is  not  always  the  same  at 
the  same  temperature,  but  it  is  to  be  observed  that  here  we  are  not 
sure  that  the  conditions  of  pressure  are  the  same  throughout  tbe 
mass.  In  fact  the  well-known  case  of  Rupert's  drops  indicates  that 
glass  which  has  been  suddenly  cooled  is  subject  to  intense  internal 
stress,  and  the  recovery  from  such  stress  is  a  very  slow  process.  The 
process  of  "  annealing "  has  been  specially  devised  to  obviate  such 
abnormal  conditions  in  solids.  In  the  case  of  fluids  there  is,  how- 
ever, apparently  no  reason  why  the  volume  should  not  always  be 
the  same  at  the  same  temperature  and  under  the  same  external 
pressure. 

The  mean  coeflScient  of  expansion  between  any  two  temperatures 
has  already  been  defined  as  the  mean  increase  in  bulk  of  a  unit 
volume  per  degree  of  temperature  or 

V  -  V 

If  the  difference  of  temperature  ff  -  B  be  taken  very  small,  the 
change  of  volume  V  -  V  will  also  be  very  small,  and  denoting  these 
by  dS  and  rfV  respectively,  the  coefficient  becomes 

.  ^  y    .  .  .  (true  coefficient). 

This  expression  may  be  termed  the  true  coefficient  of  expansion  at 
the  temperature  d. 

Another  coefficient  is  sometimes  used  which  may  be  termed  the 
zero  coefficient  of  expansion.  In  this  the  zero  volume  Vq  replaces  * 
as  indicated  by  the  expression 

—    •  •  •   (zero  coefficient). 

In  the  case  of  the  standard  thermometric  substance,  it  is  this  zero 
coefficient  of  expansion  that  appears  in  the  equation 

and  ill  this  Ciise  a  is  absolutely  constant,  whereas  the  tioie  coeffici^"^ 
will  1)0  aV^,  V,  and  this  varies  inversely  as  V. 
[In  the  equation  given  above,  viz. — 

a=<i  +  ''^^-rf^--f  etc., 

a  is  the  iiican  coefficient  of  expansion  between  0'  and  ^°.  This  is  tn® 
coefficient  used  in  correcting  for  the  expansion  of  the  bulb  of  theg*^ 
therniometer.     The  zero  coefficient  of  expansion  would  of  course  be 

a  4-  'IW  4-  3c^-  +  etc.  ] 
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Cor.  If   the  true  coefficient  of  expansion  be  a  constant  a^  the 
lation  between  volume  and  temperature  is 

108.  Apparent  Expansion. — In  the  case  of  fluids  contained  in  a 
lid  envelope  which  acts  as  a  measuring  flask,  we  have  another 
(efficient  termed  the  coefficient  of  apparent  expansion.  In  this  case 
le  rise  or  fall  of  the  surface  of  the  fluid  in  the  neck  of  the  flask  indi- 
ites  the  apparent  change  of  volume  of  the  fluid. 

Let  Ya  be  the  apparent  volume  of  the  fluid  at  the  temperature  ^, 
id  let  Yq  be  its  real  volume  at  zero.  Thus  the  flask  may  be 
;andardised  and  graduated  at  zero  so  that  the  volume  indicated  at 
lis  temperature  is  the  real  volume  of  the  fluid.  In  this  case  the 
:>€fficient  of  apparent  expansion  is  defined  by  the  equation 

Va  =  Vo(l+a^) (1) 

The  relation  between  the  coefficient  a  and  the  real  expansion  of 
be  fluid  may  be  easily  determined.  For  the  real  volume  of  the 
luid  is 

V  =  Vo(l+a^) (2) 

md  if  g  denotes  the  coefficient  of  cubical  dilatation  of  glass  (or  the 
^^laterial  of  the  flask)  we  have  also 

V  =  Va(l+flr^) (3) 

m 

Since  Yf^  is  the  internal  capacity  of  this  portion  of  the  flask  at  zero. 
Hence  equating  (2)  and  (3)  we  have 

Vo(l  +  a^)  =  V„(l-f-i7^). 

'W  using  (1)  we  obtain 

l+ae  =  {l  +  ae){'i+ge), 

^^  approximately,  since  all  the  coefficients  are  small, 

109.  Linear  and  Superficial  Expansion. — In  the  case  of  bars  the 

^'^'igatiou  or  linear  expansion  also  comes  into  consideration.     In  this 

^^  the  coefficient  of  linear  expansion  is  defined  as  before,  as  the 

^^'igation  per  unit  length  for  one  degree  change  of  temperature.     If 

denotes  the  length  of  the  bar  at  temperature  0,  and  /^  its  length  at 

^^^)  the  true  coefficient  of  linear  expansion  at  6  will  be 

1  /// 
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and  the  zero  coefficient  will  be 

1  iif 
/o  iie 

Denoting  the  latter  by  A  we  have  the  general  equation 

since  A  may  be  regarded  as  approximately  constant.  The  rela- 
tion connecting  the  linear  and  cubical  dilatations  is  easily  found. 
For  the  volume  at  temperature  6^  of  a  cul>e  whose  side  is  l^  at  zero  is 
l^^{\  -f  A^)^  and  the  volume  of  the  same  cube  is  Vq(1  +  o^).  But  l^  =  ^^ 
therefore 

or  approximately 

a  =  3X. 

The  coefficient  of  superficial  expansion  is  defined  in  the  same 
manner  and  may  be  shown  to  be  twice  the  coefficient  of  linear 
expansion. 

110.  Determination  of  the  Linear  Expansion  of  Bars — Method 
of  Comparator. — The  usual  mode  of  determining  the  coefficient  of 
linear  expansion  of  a  substance  is  by  the  direct  observation  of  the 
change  of  length  of  a  bar  of  the  material,  the  measurement  of  the  length 
anil  change  of  length  being  referred  to  a  scale  kept  at  a  fixed  tempera- 
ture. This  methotl  is  applicable  when  bars  of  suitable  length  can  be 
procured  and  was  a«lopted  by  li^imsden  to  estimate  the  linear  expansion 
of  the  bars  used  bv  (xoneral  Rov  ^  in  his  measurement  of  a  base-lin^ 
on  Hoiuislow  Heath. 

The  form  of  appamtus  used  by  Kamsden  is  shown  in  outline  iD 
Fig.  3(>,  and  consists  essentially  of  three  troughs  fixed  parallel  to  each 
other.  The  middle  trough  contiiins  the  bar  to  be  experimented  on, 
and  can  be  heated  by  lamps  placed  underneath.  The  first  and  third 
troughs  contain  each  an  iron  bar  packed  in  broken  ice  so  that  theyar® 
kept  constantly  at  a  fixed  temperature,  and  furnish  a  fixed  length  ^^h 
which  the  length  of  the  bar  in  the  middle  trough  may  be  compared- 
In  order  to  carry  out  this  comparison  the  ends  of  the  bars  are  furnished 
with  adjustable  uprights  carrying  lenses,  eye-pieces,  and  cross  wires- 
The  first  bar  carries  an  eye-piece  at  each  end  supplied  with  a  cross 
wire,  and  the  mi(Mle  bar  is  supplied  at  each  end  with  a  lens,  so  that 
each  of  these  lenses  acts  as  an  object-glass  to  the  corresponding  eye-pi^ 
on  the  first  bar.  The  lenses  on  the  middle  bar  and  the  eye-pieces  on 
die  first  tnus  constitute  two  telescopes,  and  these  are  adjusted  so  as  t*^ 

'   Roy.  riiil.  Tram.,  1785.  p.  461. 
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«r  two  cross  wires  supported  on  the  ends  of  the  third  bar  and 
minated  by  mirrors  situated  behind.  Since  the  first  and  third  bars 
kept  in  melting  ice  the  eye-pieces  and  cross  wires  attached  to  them 
lain  fixed,  but  when  the  temperature  of  the  bar  in  the  middle 
igh  changes,  the  object-glasses  attached  to  it  will  be  displaced.  In 
dng  an  experiment  the  three  troughs  are  filled  with  ice  and  the 
aratus  adjusted  so  that  the  images  of  the  cross  wires  on  the  third 
are  in  exact  coincidence  with  the  cross  wires  of  the  eye-pieces,  and 
liters  are  so  arranged  that  the  middle  bar  is  fixed  at  one  end  and 
i  to  move  at  the  other  so  that  when  the  temperature  rises  the  lens 
^his  end  alone  will  move.     If  the  other  end  should  move  during  the 


® 


(3)  Cioss 
wire. 


(2)  Object- 
glass. 


Q  (1)  Eye- 
piece. 


Fig.  86. 


l)eriment  it  can  be  easily  detected  and  allowed  for.  Hot  water  is 
>w  placed  in  the  middle  trough  and  the  temperature  kept  as 
atioDary  as  possible  by  means  of  the  lamps  underneath.  The  bar  in 
U8  trough  expands  and  the  object-glass  on  the  free  end  is  displaced  by 
1  amount  I  -  l(p  where  /  is  the  length  of  the  bar  at  the  temperatiu^e  6 
i  the  bath  and  Iq  its  length  at  zero.  This  displacement  is  measured 
f  a  very  fine  micrometer  screw.  By  means  of  this  screw  the  lens 
^J  be  moved  back  into  its  original  position  so  that  the  image  of  the 
Jtant  cross  wire  is  again  superposed  on  the  cross  wire  in  the  eye-piece, 
^e  length  ^  -  ^o  ^^^g  ^^^^  determined,  the  mean  coefficient  of  expan- 
ion  of  the  bar  between  C  and  ^°  is 

In  Kamsden's  apparatus  the  micrometer  was  not  attached  to  the 
>bject-glas8  on  the  end  of  the  middle  bar,  but  to  the  eye-piece  at  the 
^  of  the  first  bar.  Coincidence  of  the  cross  wires  was  then  restored 
^y  moving  the  eye-piece.  This  displacement  of  the  eye-piece  was  not 
*e  expansion  I  -  Iq*  but  greater  than  this  in  the  ratio  of  the  distance 

N 


^ 
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between  the  first  and  third  bars  to  the  distance  between  the  second 
And  third.  By  attaching  the  micrometer  to  the  object-glass  on  the 
middle  bar  the  necessity  for  determining  these  distances  is  avoided 

The  parallelism  of  the  three  bars  is  desirable,  but  excessive  pre- 
•caution  in  this  respect  is  not  absolutely  necessary. 

[In  the  measurement  of  lengths  by  means  of  graduated  rules  it  is 
important  to  know  accurately  the  coefficient  of  linear  expansion  of  the 
material.  Also,  as  has  been  pointed  out  in  the  preceding  chapter,  in 
accurate  work  with  the  gas  thermometer,  a  knowledge  of  the  cubical 
coefficient  of  expansion  of  the  material  of  the  reservoir  is  necessary. 
It  is  usual  to  retain  two  terms  in  the  expressions  for  these  coefficients. 
Thus,  putting 

we  get 

y=Yo{i+ae+bey 

neglecting  (fi  and  higher  powers.  The  mean  coefficients  of  linear  and 
-cubical  expansion  are  therefore  a  +  b6  and  3a  +  3(a*  +  b)6  respec- 
tively. 

Kamsden's  method  has  been  much  improved  and  elaborated.  1° 
the  determination  of  the  expansion  of  the  iridio-platinum  standards  of 
length  adopted  by  the  Bureau  International,  the  comparator  method 
was  used.  In  the  apparatus  employed,  the  bar  of  material  experi- 
mented on  rests  freely  on  rollers  and  is  entirely  enclosed  in  » 
<iouble- walled  box  provided  with  glass  windows  through  which 
the  ends  of  the  bar  and  the  enclosed  thermometers  can  be  obsen'ed. 
A  steady  flow  of  water  is  kept  up  through  the  space  between 
the  walls  of  the  box,  the  temperature  being  regulated  by  a  ther- 
mostat arrangement.  The  expansion  is  measured  by  observing 
the  displacement  of  a  mark  near  eacli  end  of  the  bar  by  means  of 
micrometer  telescopes  mounted  on  massive  stone  pillars.  The  box 
containing  the  bar  is  mounted  on  rails,  and  can  be  run  aside  and 
another  exactly  similar  one  substituted.  This  latter  is  kept  at  » 
constant  temperature  throughout  the  experiments,  and  thus  any  slight 
variation  in  the  distance  between  the  micrometer  telescopes  eliminated 
from  the  observations.^ 

The  method  here  adopted  of  observing  marks  on  the  expanding 
bar,' removes  an  objectionable  feature  in  Eamsden's  apparatus.  The 
object-glasses  (Fig.  36)  have  to  be  raised  some  distance  above  the  bar 
to  which  they  are  fixed,  and  hence  any  slight  bending  of  the  bar  due 

♦ 
^  A  full  description  of  this  apparatus,  with  diagrams,  is  given  in  Guillanni* 

Thermom^tric  de  Precision. 
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lal  heating,  or  unequal  strain  in  the  material^  may  cause  them 
iTge  or  diverge  appreciably. 

apparatus  just  described  is  intended  for  use  within  moderate 
of  temperature  only.  For  this  purpose  it  is  neither  so  Con- 
nor so  delicate  as  Fizeau's  method,  as  described  in  the  section 

with  the  expansion  of  crystals.  It  is  important,  however, 
timations  of  the  values  of  coefficients  of  expansion  at  high 
ktures  should  be  directly  made,  particularly  in  the  case  of 
Is  used  in  high  temperature  gas  thermometry.  Fizeau's 
us  would  not  easily  lend  itself  to  such  a  modification,  but  the 
of  the  comparator  has  been  adapted  to  this  purpose  by  Bedford,^ 
1  and  Day,  and  Holborn  and  Griineisen. 

!  method  employed  by  Holborn  and  Day^  for  determining  the 
on  of  Berlin  porcelain  between  0°  C.  and  lOOC  C.  was  as 
A  rod  of  unglazed  porcelain  about  half  a  metre  long  was  en- 
n  a  porcelain  tube,  and  this  again  in  a  second  tube.  The  inner 
as  heated  by  a  coil  of  nickel  wire  which  could  be  raised  to 
scence  by  an  electric  current.  Two  marks,  scratched  on  the 
r  the  ends,  were  viewed  through  holes  in  the  surrounding  tubes, 
mperature  was  measured  by  a  thermo-couple.  The  expansion 
ral  metals  and  alloys  was  similarly  determined.  In  the  same 
olborn  and  Griineisen^  measured  the  expansion  of  Jena  glass 
i  well  as  of  Berlin  porcelain.  An  important  result  of  these 
lents  was  to  show  that  the  expansion  of  porcelain  is  irregular 
inot  be  represented  accurately  over  any  long  interval  by  a  two- 
mction.  This  shows  the  danger  of  extrapolating  the  results  of 
lents  conducted  at  lower  temperatures. 

the  following  table  the  results  were  obtained  by  the  comparator 
I,  with  the  exception  of  the  last,  for  which  Fizeau's  method  was 
nd  for  which  the  temperature  range  was  only  0°  C.  to  120°  C. 
lue  given  for  the  coefficient  of  expansion  of  Berlin  porcelain  does 
ord  very  well  with  the  observed  expansion  between  750"* — 875°, 
to  the  irregular  character  of  the  expansion,  but  above  and  below 
Derval  it  represents  the  facts  sufficiently  closely.] 

»/.  M(ig.,  Jan.  1900. 

in.  der  Pfnjsik,  Bd.  iv.  p.  505,  1900.     Pi  cuss,  Akcul.  der  JFlss.,   Berlin,  Bd. 

1009,  1900. 

*n.  (Ur  Physik,  Bd.  iv.  p.  136,  1901. 
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CBAP_      / 


Mean  Coefficients  of  Linear  Expansion 


8uh8tance. 


Platinum     . 
Palladium   . 
Iridio-platinum  (80  Pt, 
Silver 
Nickel 

Constantan  (60  Cu,  40 
Iron     . 
Steel   . 

Jena  glass  59"^ 
Porcelain  (Berlin) 
(Bayeux) 


lO»x(/e-loyio. 


»? 


20  Ir) 

Ni)  ! 


.   I 


8,868 

11,670 

8,198 

18,270 

13,460 

14,810 

11,705 

9,173 

5,814 

3,027 

2,522 


+  1-324^ 
+  2-187^ 
+ 1  -418^ 
+  4-793^ 
+  3-315^ 
+  4-024^ 
+  5-264^ 
+  8-S36<; 
+  0-804^ 
+  1-177^ 
+  7  -43^ 


AdUunrity. 


Holborn  and  Day 


Holborn  and  Griineisen 


Tutton 


» » 


\  111.  Method  of  Laplace  and  Lavoisier. — In  the  method  devised 
by  MM.  Laplace  and  Lavoisier,  the  expansion  /  -  ^o  ^^  ^^^  directly 
measured,  but  is  amplified  into  a  much  greater  length  by  means  of  a 
lever    arrangement.       The    bar   (Fig.   37),    whose    expansion   is  to 


Fig.  37. 

be  measured,  is  fixed  at  one  end,  but  free  to  move  at  the  other, 
which  presses  against  the  stiff  arm  of  a  lever.  The  other  end  of  this 
arm  carries  a  telescope  directed  towards  a  distant  vertical  scale. 
When  the  bar  expands  it  pushes  the  arm  before  it,  and  turns  the 
telescope  round  a  horizontal  axis,  as  shown  (exaggerated)  in  figure. 

If  a  be  the  length  of  the  arm,  and  b  the  distance  of  the  axis  of 
rotation  of  the  telescope  from  the  fixed  scale,  and  8  the  observed 
displacement  on  this  scale,  we  have  at  once 


/-/. 


a 


d 
I' 


Hence   the   mean   coefficient   of   linear   expansion    is   given   by  the 
equation 


A  —  --. — . 


In  this  method,  although  the  distance  8  may  be  very  much  larger 
than  /  -  /(,,  yet  there  are  many  sources  of  error  attending  the  accurate 
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stimation  of  the  quantity  a,  and  any  error  in  this  gives  rise  to  a 
yoportional  error  in  the  value  of  k. 

112.  Relative  Expansion — Differential  Method. — A  differential 
nethod  of  observing  the  expansion  of  a  bar,  by  comparison  with 
inother  of  known  coefficient  of  expansion,  was  suggested  by  De  Luc,^ 
tnd  adopted  by  Borda,-  to  determine  the  expansion  of  the  bars  used 
n  the  measurement  of  the  French  meridian  degree. 

Two  bars,  AB  and  A'B'  (Fig.  38),  are  fastened  together  at  one  end, 
AA.',  and  are  free  to  slide  on  each  other,  during  expansion,  through- 
out their  entire  length,  to  their  other  ends.  At  their  free  ends,  BB', 
they  are  graduated  so  that  the  two  scales  constitute  a  vernier  which 
measures  the  relative  expansion  of  the  bars.  The  longer  bar  is  made 
of  platinum,  and  the  shorter  may  be  of  any  other  metal  which  it  is 
desired  to  compare  with  platinum. 

A  pair  of  bars  arranged  in  this  manner  indicates  its  own  temper- 
ature, for  if  the  reading  of  the  vernier  be  noted  when  the  system  is 
at  O''  and  100°,  or  any  other  two  known  temperatures,  the  temperature 
of  the  apparatus  may  be  deduced  at  any  other  time  by  means  of  the 
reading  of  the  vernier  alone. 

When  the  coefficient  of  absolute  expansion  of  the  platinum  bar 
18  known,  that  of  the  other  can  be  inferred,  and,  in  this  manner, 
i^ulong  and  Petit  determined  the  expansion  of  several  solids. 


A' 


iiii 


n|irn|iiii|iiii 

BO  15  10  5 


B' 


Fig.  38. 


Different  specimens  of  the  same  metal  vary  considerably  in  their 
physical  properties,  on  account  of  impurities,  or  different  mechanical 
actions  to  which  they  may  have  been  subjected.  For  this  reason,  the 
^flBcient  of  expansion  obtained  for  any  metal  will  depend  on  the 
specimen  employed,  and  considerable  discrepancies  exist  between  the 
results  obtained  by  different  observers.  Hence,  if  the  expansion  of 
*Qy  particular  bar  is  required  accurately,  it  must  be  determined  by 
direct  observation,  for  it  cannot  be  assumed  to  be  the  same  as  that 
of  any  other  specimen  of  the  same  material. 

*  De  Luc,  Journal  de  Physique  de  DelanUlherie,  tom.  xviii.  p.  363,  1781. 
'  See  Biot's  Traitt  de  Phi/sique,  torn.  i.  j).  164. 
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DILATATION  OF  LIQUIDS 

lis.  Comparison  of  Densities. — In  the  case  of  fluids  we  have  to 
deal  with  the  cubical  expansion  only,  and,  as  in  the  case  of  solids,  the 
approximate  formula, 

may  be  employed,  when  a  is  regarded  as  a  constant,  namely,  the 
coefficient  of  absolute  expansion  at  zero. 

In  general,  liquids  are  more  highly  expansive  than  solids,  and  it 
is  for  this  reason  that  the  level  of  the  mercury  rises  in  the  stem  of  a 
thermometer  when  the  instrument  becomes  warmer.  Such  an  in- 
strument is,  therefore,  well  suited  to  the  measurement  of  the  relative 
or  apparent  expansion  of  a  liquid,  and,  if  the  absolute  expansion  of  the 
glass  of  the  instrument  be  known,  the  absolute  expansion  of  the 
liquid  can  be  deduced  by  means  of  the  formula  of  Art.  108.  The  linear 
expansion  of  glass  may  be  found  by  the  methods  of  the  foregoing 
section,  and  from  this  the  cubical  expansion  is  deduced  by  means  oi 
the  formula  a  =  3A.  Having  determined  the  cubical  expansion  of 
glass  in  this  manner,  Lavoisier  ^  and  Laplace  deduced  the  coefficient 
of  absolute  expansion  of  mercury  by  a  comparison  of  the  mercury 
thermometer  with  a  standard  air  thermometer  between  0°  and  100*^  v. 

The  weight  thermometer  (Art.  77)  also  gives  the  apparent  ex- 
pansion of  the  liquid  with  which  it  is  filled,  and,  when  the  dilatation 
of  the  glass  is  known,  the  absolute  expansion  of  the  liquid  is  obtained- 
In  this  manner,  Regnault  deduced  the  absolute  expansion  of  mercury 
by  comparing  the  indications  of  an  air  and  a  weight  thermometer 
immersed  in  the  same  bath.  The  bulb  of  the  air  thermometer  was  a 
long  cylinder  of  glass,  and  its  linear  expansion  was  measured  hy 
direct  observation. 

The  inference  of  the  cubical  expansion  of  one  piece  of  glass  from 

^lAUmoires  de  Lavoisier,  torn.  i.  p.  308. 
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[near  expansion  of  another  is  a  procedure  which  is  scarcely 
ible  in  very  accurate  scientific  work,  owing  to  the  difference  in 
properties  of  different  specimens  of  the  same  substance,  arising 
impurities  and  previous  treatment.  We  have  seen  that  all 
are  more  or  less,  and  glass  especially,  subject  to  this  malady, 
desirable,  therefore,  that  some  method  should  be  devised  for 
uing  the  expansion  of  liquids,  which  does  not  involve  the  ex- 
)n  of  the  enclosing  envelope. 

jch  a  method  is  afforded  by  the  comparison  of  the  densities  of 
quid  at  different  temperatures.  Thus,  if  V^  and  p^  denote  the 
le  and  density  of  a  given  mass  of  the  liquid  at  0"^,  and  V  and  p- 
)lume  and  density  of  the  same  mass  at  any  other  temperature  0,. 
ive 

ince 

V  =  Vo(H-o(?), 

0W8  that 

P 

[ere,  then,  we  have  the  means  of  determining  the  coefficient  of 
ite  expansion  of  any  liquid  by  simply  comparing  its  densities  at 
lifferent  temperatures.  There  are  two  general  methods  of  com- 
g  the  densities  of  liquids.  The  first  depends  on  weighing  equal 
les  of  the  liquids,  or  on  weighing  a  solid  in  the  liquids  and 
ving  the  loss  of  weight.  In  this  method  the  expansion  of  the 
would  again  appear  and  complicate  the  operation. 
Tie  ratio  of  the  densities  of  two  liquids  can,  however,  be  de- 
ned  directly  by  balancing  a  column  of  one  against  a  column  of 
>ther  in  a  U-tube  ;  their  densities  are  then  in  the  inverse  ratio  of 
leights  of  the  corresponding  columns  above  their  common  inter- 
This  method  may,  therefore,  be  applied  to  compare  the  densities 
vo  columns  of  the  same  liquid  at  different  temperatures.  It  is 
led  on  the  principle  stated  by  Boyle,  that  if  the  pressures  of  two 
ans  of  the  same  liquid  at  different  temperatures  are  equal,  their 
Its  are  inversely  as  their  densities.  By  this  means,  then,  the 
►lications  introduced  by  the  expansion  of  the  vessel  in  which  it 
cessary  to  enclose  the  liquid,  are  entirely  got  rid  of. 
14.  Method  of  Equilibrating  Columns — Experiments  of  Dulong 
Petit. — The  principle  of  the  method  of  equilibrating  columns,  as 
ted  by  Dulong  and  Petit,^  in  their  experiments  on  the  absolute 
nsion  of  mercury,  is  illustrated  in  Fig.  39.     The  mercury  to  be 

)aloBg  and  Petit.  Ann,  dc  Chnnif  et  dr  Physique,  2'' ,  toni.  vii.  p.  113.  1817. 


184  THEORY  OF  HEAT  ruiP.  in 

experimented  on  is  contained  in  a  two-arm  tube,  AA'  Bfi',  one  arm  of 
which,  AA',  is  kept  in  a  chamber  filled  with  broken  ice,  and  the  oUier, 
BB',  is  surrounded  by  a  bath  which  con  be  heated  to  any  temperatura 
desired.  The  cross-tube,  A'B',  is  much  smaller  in  bore  than  tbe 
upper  arms,  and  is  arranged  so  that  its  axis  is  accurately  horizontid 
This  being  secured,  the  heights  of  the  surfaces  at  A  and  B  above  the 
axis  of  the  cross-tube,  when  equilibrium  is  attained,  will  be  inversely 


as  the  densities  of  tbe  mercury  in  the  corresponding  arms.  Hence,  ii 
AA'  be  at  0  ,  and  BF  at  0°  C,  we  have 

where  h  is  the  height  of  the  surface  B  above  the  axis  of  the  horiam'" 
tube,  and  A,,  that  of  A  above  the  same  level.  Hence  the  mean  w- 
efficient  of  absolute  expansion  of  mercury  between  the  temperatores 
0'  and  B°  C.  is  given  by  the  equation. 


The  determination  of  a  is  thiis  reduced  to  the  measurement  of  **"* 
heights  k  and  h^y 

Strictly  speaking,  equilibrium  is  never  secured  in  this  experiment, 
for,  on  account  of  the  difference  of  density,  there  witt  always  be  tw> 
feeble  currents  in  the  cross-tube — an  upper  current  from  the  hot  arm 
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the  cold  arm,  and  a  lower  current  in  the  reverse  direction.     At 

level  of  the  axis  of  the  tube,  equilibrium  may,  however,  be 
xded  as  existing,  and  it  is  for  this  reason  that  the  heights  h  and 
re  measured  from  the  axis  of  this  tube.     In  order  to  reduce  this 

the  bore  of  the  horizontal  tube  is  made  narrow,  but  still  wide 
igh  to  allow  of  equilibrium  being  freely  established.  The  vertical 
iches,  on  the  other  hand,  are  about  2  cm.  wide  in  their  upper 
B,  so  that  no  error  may  be  caused  in  the  difference  of  height 
\  by  capillary  depression.  If  these  tubes  were  narrow,  and  yet 
ae  same  bore,  such  an  error  would  be  introduced  into  h-h^hy  the 
rence  of  temperature  of  the  arms,  for  the  capillary  depression  (or 
ation)  of  a  liquid  in  a  tube  depends  on  the  temperature,  being  less 
igh  than  at  low  temperatures. 

At  the  beginning  of  the  experiment  the  arm  AA'  was  jacketed  with 
and  the  arm  BB'  was  encased  in  a  copper  cylinder  containing  oil, 
heated  by  a  furnace.     Mercury  was  poured  into  the  tubes  till  the 

surface  in  the  hot  tube  rose  approximately  into  view  above  the 
1  chamber.  When  the  temperature  of  the  bath  became  stationary, 
w  drops  of  mercury  at  zero  were  added  to  the  cold  arm  so  as  to 
g  the  surface  of  the  mercury  in  the  warm  arm  into  view  over  the 
of  the  bath  cylinder.     A  door  in  the  ice  jacket  was  then  opened, 

some  of  the  ice  removed,  so  that  the  surface  of  the  mercury  in  the 
I  arm  could  be  seen,  and  the  heights  h  and  h^  determined.  The 
iperature  of  the  bath  was  registered  by  means  of  an  air  thermometer 
b  a  long  cylindrical  bulb,  and  also  by  a  weight  thermometer.  The 
bs  of  these  thermometers  being  long,  they  were  supposed  to 
icate  the  mean  temperature  of  the  bath,  and  this  was  taken  to  be 

average  temperature  of  the  mercury  in  the  arm  BB'. 
The  heights  h  and  h^  were  determined  by  means  of  a  specially 
Btracted  cathetometer,  which  read  directly  to  ^V^^  mm.,  and  by 
imation  to  -i^th  mm.     The  surface  of  the   hot  column  was  first 
lerved,    and    then    the   surface    of    the   cold  column.     This  gave 

difference  of  level  h^h^.  The  height  h^  was  determined  by 
wuring  the  distance  between  the  surface  of  the  merciu'y  and  a  fixed 
Brence  mark  near  the  top  of  the  mercury  column.  This  reference 
rk  was  carried  by  an  iron  rod  which  passed  down  through  the  ice 
ket,  and  its  distance  from  the  axis  of  the  cross-tube  was  determined 
urately  once  for  all. 

At  high  temperatures  the  air  and  weight  thermometers^  gave 

'  In  such  an  investigation  as  this  it  is  of  course  illegitimate  to  employ  a  weight 
rmometer  or  any  liquid-in-glass  thermometer,  unless  it  has  been  standardised  by 
iptriaoD  with  an  air  or  gas  thermometer. 
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discordant  results,  so  that  the  indications  of  the  former  were  used 
exclusively  by  Dulong  and  Petit.  The  following  table  contains  the 
results  of  their  experiments.  It  gives  the  mean  coefficient  of 
expansion  between  0''  and  100°,  0°  and  200°,  0°  and  300°,  on  the  air 
thermometer  with  the  corresponding  indications  of  the  weight 
thermometer.  Between  0'  and  100°  the  coefficient  is  nearly  constant, 
but  it  increases  as  the  temperature  becomes  more  elevated. 


Air  T!iennr)meti»r.         Weijjht  Thermometer,  i  Mean  Coefflcieiit  a. 


0*              '  0"*  I  max.  mill.  mean. 

'                100^'               !  100"  .      -  — -  — 

I                                                      I  »47  0992  6800 

200"  204' -61  JL  -JL  _L 

I  „      .  M19  B4S1  M95 

300               '  air-is  _1_  _1.  _i_ 

I  ea»  saw  saoo 


In  this  form  of  the  experiment  it  is  not  easy  to  secure  that  the 
mean  temperature  of  the  bath  surrounding  the  thermometer  bulb  shall 
be  the  same  as  that  surrounding  the  tube  which  contains  the  mercury, 
and  from  the  method  of  heating  the  bath  it  is  difficult  to  maintain  its 
temperature  stationary  while  the  observations  are  being  made,  so  that 
very  great  expedition  is  required  in  making  the  readings.  Further- 
more, it  is  essential  that  the  air  in  the  thermometer  shall  be  perfectly 
dry,  for  if  it  contains  any  water  vapour  a  considerable  con*ection  will 
become  necessary  at  high  temperatures.  Finally,  the  value  of  the 
cocflBcient  of  dilatation  of  air  ('00375),  used  by  Dulong  and  Petit,  was 
that  deduced  by  Gay-Ijussac,  and  was  not  sufficiently  accurate. 

For  these  reasons  the  determination  of  the  coefficient  of  absolute 
expansion  of  mercury  was  undertaken  by  Regnault,  on  the  same 
principle,  but  with  improved  apparatus,  in  which  the  errors  of  his 
predecessors  were  completely  avoided.  The  close  accordance  of  his 
results  with  those  of  Dulong  and  Petit  shows,  however,  how  excellently 
their  experiments  were  conducted. 

115.  Regnault*s  Experiments. — In  the  form  of  apparatus  employe^^ 
by  Dulong  and  Petit  the  chief  source  of  uncertainty  was  the  tempera- 
ture of  the  bath,  arising  from  the  fact  that  being  always  filled  to  the 
top  it  could  not  be  properly  stirred  to  ensure  imiformity  of  temper** 
turc  throughout.  A  column  of  liquid  heated  from  below  m*? 
present  great  differences  of  temperature  in  different  parts  if  not  kept 
constantly  stirred,  and  the  difficulty  is  not  entirely  overcome  hy 
making  the  thermometer  bulb  the  whole  length  of  the  bath,  for  even 
then  the  temperature  registered  by  the  thermometer  may  not  represent 
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e  mean  temperature  of  the  colmnn  of  mercury  situated  in  another 
rt  of  the  bath.  Besides  this  source  of  error  others  occur  in  the 
rect  observation  of  the  summit  of  the  warm  column,  which 
tcessitates  a  little  of  the  mercury  being  outside  the  bath,  and  it  is 
so  objectionable  to  have  the  surfaces  of  the  two  columns  at  different 
mperatures,  as  the  surface  tension  will  pot  be  the  same  in  both, 
he  latter  error  is  lessened,  but  not  completely  got  rid  of,  by  making 
le  upper  parts  of  the  tubes  wide.  Besides  this  the  columns  were  only 
bout  50  or  60  cm.  long,  and  the  temperature  of  the  column  /*  -  h^ 
"as  not  known  with  certainty. 

For  these  reasons  Kegnault  modified  the  apparatus  in  such  a  way  that 
»e  bath  could  be  constantly  stirred,  and  its  temperature  kept  uniform, 
urther,  the  surfaces  of   the   mercurial  columns   which  were  to   be 


Fig.  40. 


^teerved  were  enclosed  in  the  same  bath,   and  kept  at  a  constant 
-^Biperature. 

The  principle  of  the  disposition  of  Eegnault's  apparatus  is  shown 
^  Kg.  40.  The  vertical  tubes  AA'  and  BB'  are  made  of  iron,  and  are 
l^ined  at  their  tops,  A  and  B,  by  a  horizontal  cross-tube  AB.  The 
^iorizontal  cross-tube  joining  the  lower  ends  of  AA'  and  BB'  in  the 
^^riments  of  Dulong  and  Petit  is  here  interrupted  in  its  middle  part 
*t  C  and  D',  where  two  vertical  glass  tubes,  CC  and  DD',  are  screwed 
^^  and  connected  with  each  other,  and  with  a  reservoir  of  air,  which 
^n  be  modified  in  pressure  by  means  of  an  air-pump.  In  these  glass 
^bes  the  mercury  stands  at  C  and  D,  and  at  these  surfaces  the  pressure 
^  the  same,  viz.  the  pressure  of  the  air  in  the  reservoir.  Tlie  long 
^^rtical  tubes  AA'  and  BB'  are  kept  in  baths  at  known  temperatures, 
^^  the  mercury  in  them  is  at  a  common  level,  viz.  that  of  the 
horizontal  communicating  cross-tube  AB.     Hence  if  the  temperatures 
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)>e  #„  aiid  dj,  while  the  difference  of  level  AC  is  ll^,  and  the  hdg 
H  above  I)  18  Aj,  we  have ' 


"I'ho  ilet;iils  of  (he  :i]tpanttU3  are  shown  in  Fig.  ll. 

'   W,-  h4v,>  hiT*  jssiitiifJ,  (.'t  siiii|iUi.iiy.  ihit  iht  veholt  ^  AC  i»  *l  :*»[*» 
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The  vertical  tubes  AA'  and  BB'  were  made  of  iron,  and  were  much 

er  than  those  used  by  Dulong  and  Petit,  their  length  being  about 

cm.,    and  their   diameter  1  cm.     Their   upper  ends  above  the 

lecting   cross -tube   were   open,    so   that   the   mercury    could   be 

)duced   at  will.     One  of  them,   BB',   was  kept  cold  by  a  bath, 

ugh  which  a  constant  current  of  cold  water  circulated,  and  the 

sontal  arms  were  cooled  both  above  and  below  by  a  stream  of  the 

J  water.     The  other  vertical  tube  AA'  was  heated  in  a  bath  of  oil, 

se  temperature  was  rendered  uniform  by  means  of  agitators,  NN, 

led  by  a  cord  P  passing  over  a  pulley. 

The  temperature  was  registered  by  means  of  an  air  theimometer, 

se  bulb  extended  throughout  the  whole  length  of  the  tube  AA'. 

upport  the  apparatus  and  secure  the  horizontality  of  the  cross-tube 

Kegnault  attached  it  to  a  strong  horizontal  bar  GH,  moveable 

id   one  extremity  G,  and  supported  on  two  screws,   one  at  its 

lie  and  the  other  at  its  extremity  H.     The  cross-tube  AB  rested 

t,  and  carried  four  brass  rings,  a^,  a^,  flg,  a^  on  which  cross  marks 

)  traced  to  mark  the  axis  of  the  tube,  and  these  were  arranged 

zontally  by  observation  of  a  cathetometer,  and  by  adjustment  of 

controlling  screws  of  the  supporting  bar  GH.     From  this  bar  ran 

four  metal  rods,  Q,  Q,  Q,  Q,  descending  vertically,  and  supporting 

lower  parts  of  the  apparatus,  the  points  of  attachment  there  being 

rolled  by  screws  by  which  the  lower  cross-tubes  could  be  made 

zontal  by  means  of  marks,  as  in  the  case  of  the  upper  tube.     In 

ir  to  measure  the  heights  h^  and  h^  a  small  hole  was  drilled  in  the 

s-tube  AB,  and  the  pressure  in  the  air  reservoir  was  increased  till 

mercury   rising    in   the    tubes   just   began   to    overflow   at  this 

rtiire. 

As  soon  as  this  was  secured  the  temperatures  of  the  baths  were 

ed  as  well  as  the  heights  of  the  mercury  in  the  middle  vertical 

es  of  glass,  CC  and  DD'.     Let  H  and  H'  be  the  heights  ^  in  the 

g  vertical  tubes,  and  h  and  h'  the  heights  in  the  short  vertical  tubes, 

I  let  ^  be  the  temperature  in  AA',  and  0"  the  temperature  in  all  the 

ler  tubes.     Then  we  have  the  pressure  of  the  air  in  the  reservoir 

needing  the  pressure  of  the  atmosphere  by  thab  due  to  AA'  minus 

^t  due  to  CC,  and  this  must  be  also  equal  to  that  due  to  BB'  minus 

*t  due  to  DD' ;  hence,  denoting  the  coefficient  of  absolute  expansion 

Juercury  by  vi,  we  have — 

H  ia  the  vertical  height  of  the  horizontal  tube  aj,  ^4  above  ft,,  b^,  and  H'  the 
^ht  of  the  same  tube  above  63,  b^,  while  h  and  h'  are  the  lieights  of  surfaces  at  C 
^  D  above  ftj,  6j,  and  63,  64  respectively.  If  H  =  H'  for  one  temperature  of  the 
^•i.  then  these  heights  will  differ  sliijlitly  for  every  other  temperature,  on  account 
^^e  exjiansion  of  the  tube  AA'. 
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H 


h 


R' 


h' 


or 


l  +  viO     \+in0'     l+md'     \+fne" 


Hence 


m  = 


H^-H  +  A-V 

^'H  -  e{H'+h  -  hy 


Second  Fomi  of  the  Apparatus. — M.  Keg- 
nault  also  worked   with   another   form  of 
apparatus    in    which    the   lower   cross-tube 
(Fig.    42)   was   uninterrupted,    as    in   the 
apparatus  of  Dulong  and  Petit.     The  upper 
cross-tube  was,  however,  interrupted  by  two 
vertical  glass  tubes  CC  and  DD',  in  which 
the  mercury  columns  stood  at  levels  C  and 
D.       The   mercury   columns   are   thus  in 
direct  equilibrium.     The  axes  of  the  tubes 
AC   and   BD'  are  horizontal,  and  at  the 
same  level,  but  the  lower  tube  A'B'  is  more 
or  less  inclined  on  account  of  the  unequal 

dilatations  of  AA'  and  BB'.     On  equating  the  pressures  at  the  lowest 

part  of  the  apparatus  we  have 

1  -+-  ind  "^  1  +  me'  ^  1  +  7ne'  ~  H-  m^  "^  1  +  mS" 

where  c  is  the  small  difierence  of  level  of  the  ends  of  A'B'.     If  the 
lower  tube  be  horizontal  c  =  0,  and  we  have 


Fig.  Al. 


\+md 


Therefore 


Ill  — 


H'  -H  +  A'-A 


Regnault  executed  four  series  of  experiments,  which  comprised  id 
all  about  130  observations,  at  temperatures  varying  between  25°  C 
and  350°  C.  The  results  of  these  experiments  were  then  plotted 
graphically,  and  a  curve  traced  which  exhibited  the  relation  between 
the  teniperatiu*e  and  the  whole  dilatation  at  any  temperature.  H^ 
denotes  the  mean  coefficient  of  expansion  between  0°  and  ^,  the  whole 
dilatation  per  unit  volume  between  these  temperatures  will  be 


\^me. 


and  if  m  be  constant,  the  curve  obtained  by  plotting  the  temperatures 
along  the  axis  of  x  and  the  dilatation  A  along  the  axis  of  y  will  be  * 
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;ht  line  y  =  fnx  inclined  to  the  aids  of  x  at  an  angle,  whose  tangent 
m.  The  curve  obtained  by  Eegnault  was,  however,  not  a  right  line, 
t  was  convex  towards  the  axis  of  x^  indicating  that  m  increased  with 
e  temperature.     Taking  m  to  be  of  the  form 

e  dilatation  will  be 

d  the  curve  will  be  parabolic. 

Assuming  the  above  formula  to  hold,  the  true  coefficient  of  dilata 
)n  at  any  temperature  will  be 

here  V  is  the  bulk  at  ^°  of  the  mass  which  has  unit  volume  at  zero 
=  1  +  A  =  1  +  a^  +  ft^2      Therefore 

a +  26^ 

The  coefficient  of  expansion  referred  to  the  zero  volume,  or  what 
re  have  termed  the  zero  coefficient  of  expansion,  is 

The  results  of  Kegnault's  expefiments  gave  • 

a  =  0  -0001791,     fe  =  0  '000000025, 

80  that  the  mean  coefficient  of  expansion  of  mercury  was  found  to  be 

m  =  0-0001791  +  0*000000025^, 

^nd  the  zero  coefficient  of  expansion  was  found  to  be 

wio  =  0  0001 791  +  0 -OOOOOOOS^?. 

Between  0°  and  100°  the  coefficient  m  is  sensibly  constant,  its 
^alue  at  SO''  C.  being  ysVt-  "^^^  corresponding  value  found  by 
^ong  and  Petit  was  ^-i^^^. 

116.  Application  of  the  Weight  Thermometer. — Once  the  co- 
efficient of  absolute  expansion  of  mercury  is  known,  the  weight 
^kennometer  may  be  appHed  with  facility  to  the  determination  of 
^^e  coefficients  of  absolute  expansion  of  other  liquids.  For  when  the 
^trument  is  filled  with  mercury,  a  single  observation  gives  us  the 
apparent  expansion  of  the  mercury  in  the  glass  of  the  thermometer. 
Thus  if  tr  be  the  weight  that  flows  over  at  S  degrees  and  W^  the 
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weight  that  fills  it  at  zero,  we  have 

-       '^ 

"*-(?(  Wo -«?)' 

consequently  the  coefficient  of  expansion  of  the  glass  g  can  be  found 
from  the  equation  (Art  108) 

l+7;i  =  (l+a)  (1+^), 

where  m  is  used  to  denote  the  coefficient  of  absolute  expansion  of 
mercury. 

The  coefficient  g  being  known,  the  instrument  can  be  filled  with 
any  other  liquid,  and  its  apparent  coefficient  a'  determined  in  a  simikr 
liquids,  manner.     The  real  coefficient  a  of  the  liquid  will  then  be  found  from 
the  formula 

Repeating  the  observations  at  various  temperatures,  the  variation  of  a 
with  temperature  may  be  found,  and  the  coefficients  in  the  formula 

determined. 

In  a  similar  manner  the  weight  thermometer  may  be  employed  to 


Fij:.  48. 

determine  the  cubical  dilatation  of  solids.  Thus,  when  the  coefficient 
of  absolute  expansion  of  any  liquid  is  known,  a  single  observation 
gives  the  cubical  dilatation  of  the  material  of  which  the  bulb  of  the 
thermometer  is  constructed.  It  was  in  this  manner  that  Dulong  and 
Petit  ^  first  attempted  to  measure  the  coefficient  of  expansion  of  iro^» 
Solids,  knowing  the  absolute  expansion  of  mercury,  and  using  a  weight  ther 
mometer  with  an  iron  bulb.  They  soon,  however,  abandoned  this 
process  for  the  more  simple  and  general  method  of  enclosing  a  bar  <» 
the  solid  under  investigation  inside  the  bulb  of  an  ordinary  weight  ther 
mometer  made  of  glass,  as  shown  in  Fig.  43.  In  the  case  of  solids 
which  are  not  attacked  by  mercury  no  precautions  are  necessary* 
further  than  the  attachment  of  bearings  to  the  ends  of  the  bar  to 
keep  it  steady,  and  avoid  fracture  of  the  bulb.  In  the  case  of  solids 
which  are  attacked  by  mercury,  another  liquid  may  be  used,  or 
their  surfaces  may  be  varnished  or  oxidised. 

^  Dulong  and  Petit,  Ann,  de  Chimie  ct  de  Physique,  2®,  torn.  ii.  p.  261, 1816. 
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In  all  cases,  it  is  necessary  to  know  the  weight  W'^  and  the  density 
^  of  the  solid  at  zero.  Its  volume  at  zero  is  then  W'q//)'q,  and  its 
3lame  at  0  is 

here  x  is  its  coefficient  of  expansion.  The  remainder  of  the  bulb 
id  stem  is  filled  with  mercury.  If  W^  and  p^  be  the  weight  and 
jnsity  of  this  at  zero,  and  if  a  quantity  w  flows  over  at  0,  then  the 
eight  left  in  the  bulb  is  W^  -  m?,  and  its  volume  is 

(l-'rinO). 

Pa 

[ow  the  volume  of  the  bulb  at  zero  is 

w     w 

—  T — ;~  • 

Po  PQ 

lierefore  its  volume  at  6  is 


V  Po       P  0  / 

3eiice  we  have  the  equation 

^PoPo^  Po  Po 


)r  finally 


{—^+—r^)ge=  -T-xS  +  —^mS  -  -(1  +  m$), 
\Po       Po/  Po  Po  Po 


rhe  quantities  W^^/p^  ^'o!P(p  ^^^  WPo»  ^®  obviously  the  zero  volume 
0^  the  mercury  contained  in  the  instrument,  the  volume  of  the  solid  at 
*ero,  and  the  zero  volume  of  the  mercury  which  overflows. 

It  is  to  be  remarked  that  the  sensibility  of  the  weight  thermometer  Weight 
ijicreases  with  the  density  of  the  liquid  employed,  and  also  with  its  *^*™°" 
efficient  of  expansion.  For  this  reason  the  great  density  of  mercury, 
^d  its  tolerably  large  coefficient  of  expansion,  recommend  it  especially 
tor  use  in  the  weight  thermometer.  In  addition,  mercury  does  not 
®^»porate  sensibly,  and  in  this  respect  possesses  a  great  advantage  over 
Volatile  liquids.  When  such  liquids  are  employed,  every  precaution 
^U8t  be  taken  to  prevent  loss  by  evaporation.  In  such  cases,  how- 
^^'W,  it  is  better  to  dispense  with  the  overflowing  method,  and  adopt 
^he  following. 

117.  The  Dilatometer — Application  of  the  Ordinary  Thermo- 
Dietep. — In  the  case  of  volatile  liquids  of  small  specific  graWty,  the 
Accuracy  obtained  by  reducing  the  observation  to  a  weighing  is  more 
"^  counterbalanced  in  the  weight  thermometer  by  the  errors  intro- 

O 
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duced  by  evaporation.     For  this  reason,  the  employment  in  these  cases 

of  an  apparatus  similar  to  the  ordinary  thermometer,  as  suggested  by 

De  Luc,^  is  preferable.     The  instrument  (Fig.  44)  is  simply  a 

Q      large-bulbed  thermometer,  with  an  accurately-graduated  stem, 

VS      the  volume  of  the  bulb  and  of  each  division  of  the  stem  being 

ff       known.     An  experiment  with  mercury  gives  the  coefficient  of 

expansion  of  the  instrument ;  and,  when  it  contains  any  other 

liquid,  two  observations  of  the  apparent  volumes  of  the  liquid 

at  any  two  temperatures  give  the  mean  coefficient  of  apparent 

expansion  between  these  temperatures. 

This  method  is  at  once  exceedingly  simple  and  precise, 
and  was  employed  by  Kopp,-  and  also  by  M.  Is.  Pierre,'  in 
their  classical  researches  on  the  expansion  of  liquids. 

118.  Maximum  Density  of  Water. — In  the  case  of  water  a 
notable  anomaly  in  the  expansion  is  exhibited  in  the  neighbour- 
hood of  4  C.  At,  or  very  near,  this  point  the  liquid  possesses 
a  greater  density  than  at  any  other  temperature,  and  expands 
whether  its  temperature  be  raised  or  lowered.  Thus  water 
becomes  speciftcall}'  lighter  in  passing  from  4"   either  up  or 

Fig.  44.   down  tlie  scale,  and  the  volume  of  any  given  mass  is  least 
at  this  temperature. 
Hope's^  well-known  experiment  places  the  whole  process  clearly 

in  view.     A  tall  glass  beaker  containing  water  is  furnished  with  two 

thermometers,  and  an  annular  trough,  as  shown  in  Fig.  45.      A  freezing 

mixture    of    snow   and    Siilt    is    j)laced    in    the 

trough,  and  the  middle  of  the   water   column 

is  gradually  cooled.     While  this  cooling  is  in 

progress  the   indications   of  the    thermometers 

are   most  interesting.      Before   the    application 

of     the     freezing     mixture    the    temperature 

registered  by  the  upper  thermometer  slightly 

exceeds  that  of  the  lower,  for  the  warmer  and 

lighter  portions  of  the  water  float  to  the  top. 

The    first  effect   of  the  freezing  mixture  is  t«> 

reduce  the  lower  thermometer  to  4    C.  without 

seriously  affecting  the  upper.     The   lower  thermometer  now  remains 

stationary,  and  the  upper  begins  to  fall  rapidly  till  its  temperature 


Fiii.  45. 


'  De  Luc,  li'chcrchcs  sur  /cs  McKh'Jication.s  ih  V Atmosphere^  torn.  ii.  p.  124,  etc. 
-  Ko]»j),  PiUf'j.  Ami.,  Rand  Ixxii.,  1847. 

■'  I.    PieiTo,   Anil.  «>    Chimie  ct   de   rhijtdque,    3^,   torn,   xv.,    xix.,    xx.,  xsi. 
xxxi.,  xxxiii. 

*  Thos.  Clias.  Hope,  Ann.  dc  Chhnh\  V^\  torn.  liii.  p.  272,  1805. 
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reduced  to  zero,  and  ice  begins  to  form  on  the  top.  The  explana- 
m  is  that  water  is  heaviest  at  4°  C,  and  that  it  sinks  as  it  cools, 
e  layers  which  first  reach  4""  collecting  at  the  bottom.  After  a 
rtain  stage  certain  layers  become  cooled  below  4°,  and  the  coldest 
Its  rise  above  those  which  are  less  cold  till  ice  forms  on  the  top. 

This  property  of  water  may  also  be  well  illustrated  to  a  class  by 
3ans  of  a  float  which  rises  to  the  surface  in  water  near  4°  C,  and 
iks  when  the  temperature  is  a  little  above  or  below  this  point.  The 
•at  may  be  constructed  of  a  piece  of  glass  tubing  closed  and  so 
ughted  that  it  will  float  in  water  at  4°,  and  sink  in  water  at  zero, 
beaker  of  ice-cold  water  may  be  placed  on  the  lecture  table,  with 
e  float  immersed,  and  lying  at  the  bottom,  the  water  not  being  dense 
ough  to  float  it  at  zero.  In  the  warm  room,  however,  the  tempera- 
re  of  the  wat^r  begins  to  rise,  the  4°  layers  sink  to  the  bottom,  and 
e  float  begins  to  creep  towards  the  surface.  Here  it  remains  till  the 
mperatiire  passes  4°.  The  warmer  layers  now  rise  to  the  surface, 
id  the  float  begins  to  sink  gradually  to  the  bottom. 

It  is  on  account  of  this  property  that  a  small  pool  of  water  on  the 
irface  of  a  glacier  gradually  eats  its  way  into  the  ice,  growing  deeper 
nd  deeper  with  every  return  of  the  sun.  Thus,  if  the  whole  mass  of 
rater  in  the  pool  is  at  zero,  then,  in  the  sunshine,  the  surface  layer 
TOWS  warm,  and  sinks  to  the  bottom,  where  it  melts  another  film  of 
c€,  and  this  process  proceeds  as  long  as  the  surface  heat  is  supplied. 

The  anomalous  expansion  of  water  in  the  neighbourhood  of  4^  C. 
8  a  warning  against  the  choice  of  any  liquid  at  random  as  a  standard 
hermometric  substance.  A  thermometer  filled  with  water  would  give 
ite  same  indication,  whether  it  grew  warmer  or  colder  from  4  C.  In 
*ct,  the  temperature  at  which  the  apparent  volume  of  water  in  glass 
^  least  (or  about  what  we  call  5°  C.)  would  be  the  lowest  possible 
'^niperature  attainable  if  water  were  the  standard  thermometric  sub- 
stance. Such  an  illustration  shows  us  how  utterly  unintelligible  and 
chaotic  any  system  of  thermometry  founded  on  the  expansion  of  a 
liquid  might  be. 

^  119.  Study  of  the  Dilatation  of  Water. — The  study  of  the  dilata- 
'^on  of  water  has  attracted  much  attention,  not  merely  because  of  its 
^'iomaloiis  behaviour  at  4°  C,  but  also  because  of  the  fact  that  \vater 
^  the  standard  of  density  to  which  all  other  substances  are  referred. 
^*Je  unit  of  weight  being  defined  as  the  weight  of  unit  volume  of 
*^*ter  at  some  definite  temperature  and  pressure,  the  variations  of  the 
*^nsity  of  water  with  temperature  and  pressure  become  a  study  of 
'^e  importance.  It  w^as  in  this  connection  that  the  first  precise 
^riments  on  the  expansion  of  water  were  undertaken  by  Lefevre- 
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Gineau.^  The  method  employed  was  b}'  observing  the  loss  of  weight 
of  a  metallic  cylinder  when  weighed  in  water  at  various  temperatures. 
This  method  was  also  adopted  by  Halstrom,  who  used  a  sphere  of 
glass,  and  afterwards  by  Hagen  and  Matthiessen. 

In  the  experiments  of  Halstrom,^  the  coefficient  of  linear  expansion 
of  a  rod  of  glass  was  directly  determined  by  the  method  of  Ramsden, 
observations  of  the  elongation  being  made  at  different  temperatures 
between  0'  and  30°.  Any  two  of  these  observations  are  sufficient  to 
determine  the  coefficients  a  and  b  in  the  formula 

and  when  these  are  known  the  volume  V  at  Jiny  temperature  6^  is 
given  by  the  equation 

V  =  Vo(l  ¥ae-\h0^f. 

For  the  glass  rod  Halstrom  found  the  values 

rtrr.0000001960,     fe  =  0*000000106, 

and  he  assumed  that  the  same  values  would  apply  to  the  expansion 
of  the  glass  sphere  used  in  the  weighing  experiments. 

This  supposition  is  not  strictly  allowable,  and  the  expansion  of  the 
glass  sphere  should  be  determined  directly  by  means  of  the  weight 
thermometer,  or  otherwise,  as  was  done  by  Matthiessen. 

When  the  glass  8j)here,  suspended  by  a  fine  platinum  wire  from  » 
pan  of  a  balance,  and  counterpoised,  is  immersed  in  water,  the  weight 
required  to  be  added  to  the  pan  to  restore  equilibrium  is  the  weight  of 
the  volume  Y  of  water  displaced  by  the  sphere.  Denoting  this  by  ", 
we  have  W  some  function  of  the  temperature  depending  both  on  the 
expansion  of  the  glass  and  on  that  of  the  water.     Thus  we  may  ^^ 

By  means  of  experiments  at  different  temperatures  Halstrom  found 

a=  +0  00005881 5,     /3=  -  0*0000062168,     7=  +0*00000001443. 

Now  the  density  p  of  water  at  any  temperature  6  is  given  by  the 
formula 

where  the  coefficients  /,  m,  n  are  known  in  terms  of  a,  fi,  y,  and  fl>  ^' 
The  density  will  be  a  maximum  when 


^  Lcttvie-Gineau,  Experiences  foites  pour  determiner  la  valeur  du  gramfM- 
rej)ort  in  the  Journal  dr  J^hysifjue  de  DelamitJierU,  torn.  xlix.  p.  161. 
-  lialstiom,  Ann.  d»-  Chuaie  d  dc  P?u/s.,  2^,  torn,  xxviii.  p.  56,  1825. 


i 


.  119 


DILATATION  OF  LIQUIDS 


197 


ich  gives  the  equation 

is  equation  gives  two  values  of  6,  one  of  which  lies  outside  the 
lits  of  temperature,  to  which  the  above  formulae  apply,  and  the 
ler  being  equal  to  i^^'lOS  C.     The  coefficients  /,  m,  and  n  were 

/  =  0-000052939,  vi=   -  0  0000065322,  n  =  0-00000001445. 

The  following  table  gives  the  volume  at  various  temperatures  up 
30""  of  a  mass  of  water  possessing  unit  volume  at  zero,  according  to 
Jstrom : — 


Temperature. 

Volume. 

1    Temi>eraturp. 

Volume. 

1 

0^ 

1-0000000 

1 

0-9999872 

V 

0-9999536 

9^ 

1-0000421 

2^ 

0-9999-202 

15° 

1-0006273 

3 

0-9998996 

1           20" 

1-0014406 

4 

0-9998818 

25'^ 

1-0025398 

4"-l 

0-99988177 

i          30" 

1-003916 

5 

0-9998968 

I            ... 

1 

... 

ccording  to  this  table   the  maximum   density  would  appear  to  be 

unewhat  above  i""  C. ;  but  as  the  variation  is  small  in  the  neighbour- 

ood  of  a  maximum  it  is  diffi- 

alt  to  fix  the  temperature  of 

maximum  density  with  absolute 

recision. 

Most  of  the  other  experi- 
menters in  this  subject  have 
>roceeded  by  the  dilatometer  or 
ordinary  thermometer  method 
Art  117).  By  this  method 
•^retz^  plotted  a  curve,  the 
>rdinates  of  which  represented 
^  apparent  volume  in  glass, 
^d  the  corresponding  abscissae 

^^^  temperature.  This  curve  is  approximately  parabolic,  as  shown  in 
*'^-  46,  the  vertex  of  the  parabola  corresponding  to  tlie  temperature 
^'  about  S""  C.  This  then  is  the  temperature  of  least  apparent  volume. 
l*»e  real  volume  of  the  water  at  any  temperature  may  be  found  by 
wading  to  the  corresponding  ordinate  of  this  curve  the  dilatation  of  the 
S'ass.    For  this  purpose  it  is  only  necessary  to  construct  a  curve  below 

Desjiretz,   Ann.  de  Chiniie  H  d»'  Physique,  2<^,  torn.  Ixx.  p.  5  ;  toin.  Ixxiii.  p. 
2S6. 1R40. 


Fig.  4«>.  —  Despret/Zs  tti-sl  metluxl. 
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OX  rejireaenting  the  dilatation  of  the  glass.  If  the  glass  be 
to  expand  uniformly  through  the  range  of  temperature  emplc 
cun'e  will  be  a  right  line  OD,  such  that,  if  v  be  the  volume  a 
t'u  the  volume  at  0",  the  dilatation  of  tlie  glass  will  be  c  - 
and  therefore '  the  tan<;ent  of  the  angle  DOX  will  be  i',^,  v 
the  mean  coefficient  of  expansion  of  the  glass,  and  is  detenni 
previous  experiment  by  the  method  already  indicated  in  J 
The  vertical  ordinate  intercepted  between  the  curve  ABC  ant 
01)  will  therefore  represent  the  real  volume  of  the  water  at  t 
apondiiig  tempcratTire.  Hence,  to  obtain  the  temperature 
volume  it  is  only  necessary  to  find  the  least  ordinate  bctwt 
and  OD.     This  is  done  by  drawing  a  line  parallel  to  OD  so  as 


the  curve  ABC,  and  the  corresponding  ordinate  BD  cuts  the 
at  a  [loint  which  cori'es]K>nds  to  the  temperature  of  maximum 

In  these  experiments  when  the  water  was  pure  and  free 
it  did  not  solidifj'  at  /fro ;  but  remained  liquid  to  -  20" 
ciu-ve  ABC  could  accordingly  be  continued  far  below  zerc 
showed  that  at  these  low  temperatiu'ci^  the  water  continued  to 
in  volume  u|)  to  the  jioint  of  solidification.  The  sudden  c 
volume  of  water  in  solidifying  at  zeio  is  thus  merely  a  leap 
the  gradual  chaiigu  which  is  here  shown  to  occur. 

A  form  of  experiment  very  similar  to  Hope's  was  also  c 
by  Despretz.  A  beaker  of  water  furnished  with  four  tbern 
as  in  Hojie's  cxijeriment,  was  allowed  to  cool  in  a  cold  atmospi 
the  indications  of  the  thermometora  were  carefully  noted. 
was  constructed  for  each  therniouietcr  (Fig.  47),  showing  its  v 
ol'  temperature,  the  time  Iwsing  measured  along  the  axis  of  / 
corresponding  temperatures  parallel  to  the  axis  of  y,  Th 
thermometer  (1)  fell  most  rapidly  in  temperature  at  first, 
highest  (4)  most  .slowlj'.     The  lowest  then  remained  stationa 

'  '„  is  the  n]i]uiruiit  volume  of  tho  water. 
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e  others  gradually  fell,  the  highest  falling  most  rapidly  till 
erature  became  zero.  The  curve  appertaining  to  the  lowest 
leter  was  thus  at  first  below  the  others,  and  was  cut  by  them 
d  this  thermometer  was  the  last  to  attain  to  zero.  The  mean 
>tained  by  Despretz  by  the  first  method  was  4°"007,  and  by 
nd  3°*997.  Numbers  agreeing  very  closely  with  these  were 
by  other  experimenters.  Thus  Halstrom  found  4^*108,  H. 
•08,  and  Is.  Pierre  3'^*92.  From  these  numbers  we  may  con- 
it  4*"  C.  represents  very  approximately  the  temperature  of  the 
n  density  of  water.  A  general  table  of  the  results  of  various 
5  will  be  found  in  Rosetti's  ^  memoirs  on  the  dilatation  of 
water.  The  following  table  contains  Rosetti's  results  from 
»  -r  100°  C,  the  volume  being  taken  equal  to  unity  at  the 
point : — 


V. 

9^. 

V. 

1 

9^. 

V. 

eo. 

v. 

1  001729 

18 

1-001219 

46 

1-01001 

74 

1  02490 

1449 

19 

1431  ' 

47 

1044 

75 

2563 

1191 

20 

1615 

48 

1088 

76 

2617 

096:i 

21 

1828  ! 

49 

1134 

2681 

750 

22 

2049  ' 

50 

1181 

!  78 

2745 

573 

23 

2276  1 

1  ^^ 

1229 

79 

2809 

416 

24 

251 1 

52 

1278 

80 

2874 

•218 

25 

2759  1 

'  53 

1327 

81 

2939 

168 

26 

3014 

54 

1376 

82 

3005 

74 

27 

3278 

!  55 

1425 

83 

3(»72 

1 -000000 

28 

3553 

56 

1474 

84 

3139 

0-999943 

29 

3835  1 

57 

1524 

85 

3207 

920 

30 

4123 

58 

1574 

:  86 

3276 

880 

31 

1 -00442 

59 

1625 

1  87 

3345 

871 

32 

473 

60 

1677 

88 

3414 

881 

33 

505 

61 

1731 

1  ^^ 

3484 

901 

34 

538  i 

62 

1785 

'  90 

3554 

938 

35 

572  ' 

63 

1839 

91 

3625 

985 

36 

608 

64 

1895 

92 

3697 

1  000047 

37 

645  1 

65 

1951 

93 
94 

3770 

124 

'  38 

682 

66 

2008 

3844 

216 

39 

719 

67 

2065 

95 

3918 

322 

,  40 

757 

68 

2124  . 

96 

3993 

441 

41 

796 

69 

2183  . 

97 

4069 

572 

,  42 

836 

\    70 

2243 

98 

4145 

712 

43 

876 

71 

2303 

99 

4222 

.^70 

44 

917  ' 

72 

2365 

100 

4300 

1031 

15 

958 

73 

2427 

... 



I 

variation  of  the  density  of  water  with  temperature  has  been 
ed  by  Chappuis^  by  the  dilatometer  method.      The   water 

ti,  j4iin.  dc  Chinu  et  de  Pfnjs.,  4*-*,   toni.   x.   j).   461  ;  torn.  xvii.  |».  370 


der  Phystiky  Bd.  Ixiii.  p.  202,  1897 
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was  enclosed  in  an  iridio-platiniim  vessel  similar  to  the  bulb  of  the 
standard  hydrogen  thermometer.  In  connection  with  this  vessel  was 
a  small  (J -tube  containing  mercury,  and  as  the  water  expanded  it  ex- 
pelled mercury,  and  the  volume  expelled  was  determined  by  weighing. 
The  U-tube  was  kept  at  a  constant  temperature  at  which  the  density 
of  mercury  was  accurately  known.  A  table  of  the  densities  thus  found 
is  given  in  the  Appendix.  The  expansion  cannot^  according  to  M. 
Chappuis,  be  well  represented  by  a  formula,  even  if  four  powers  of  the 
temperature  were  retained.] 

The  foregoing  results  apply  to  the  case  of  water  under  the  pressure 
of  one  atmosphere.  When  the  pressure  is  increased  the  temperature 
of  maximum  density  recedes  towards  zero,  and  in  a  series  of  experi- 
ments, M.  Amagat  ^  finds  the  mean  rate  of  retrogression  to  be  about 
0°'025  C.  per  atmosphere  increase  of  pressure.  Thus  under  the 
pressures  4 16,  93*3,  144*8  atmos.  the  temperatures  of  greatest 
density  were  found  to  be  3°*3,  2"0,  and  0^*6  respectively. 

120.  Empirical  Formulae. — Various  empirical  formulse  have  been 
proposed  to  represent  the  expansion  of  liquids.  In  the  case  of  water, 
Kopp  used  the  formula 

\  =  \-(,0  +  bd'^  -  cS"^ 

for  the  volume  at  any  temperature  ^  of  a  mass  occupying  unit  volume 
at  zero. 

Matthiessen,  taking  the  volume  to  l)e  unity  at  4^  C,  adopted  the 
formula  between  +  4^  and  32' 

V  =  1  -  a(^  -  4)  +  hie  -4)'^-  c{e  -  4)», 

where 

a  =  0*00000253,  //- 0-000008389,  r^  0-00000007173. 

and  for  temperatures  between  32  and  100,  the  formula 

V  =  0 'd9969i)e  +  0  0000054724^  -  0 -00000001 126^. 

M.  Kosetti  in  turn  adopted  a  formula  of  the  more  general  form 

y =\  j^n{e  -  if  ^his  -  4f  -^  c{e  -  i)^. 

Such  forraulai,  however,  can  scarcely  be  regarded  as  having  any 
theoretic  importance.  They  merely  represent  more  or  less  approx^* 
mately  the  general  results  of  experiments  from  which  their  constants 
have  })een  determined,  and  their  value  depends  upon  how  closely  they 
represent  the  whole  series  of  experiments. 

D.  Mendeleeff-  has  proposed  a  formula  for  the  density  of  water 

^  Amagat,  Comptrs  Jlcndits,  1st  May  1893,  torn.  cxvi.  p.  946.     The  diagram^ 
illustrating  the  results  of  these  cxperiineuts  are  exceedingly  intoresting. 
-  D.  Memlelceir,  Phil,  ^fna..  .lanuary  189-2,  p.  29. 
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10°  and   +  200°  C.  of  the  form 

at  4"*  being  unity.  A  general  formula,  supposed  to  apply 
s,  had  been  previously  given  by  the  same  physicist  ^  giving 
at  any  temperature  6  in  the  form 

lula,  of  course,  cannot  embrace  such  cases  as  the  anomalous 
)f  water  at  4°,  for  unless  k  be  supposed  also  a  function  of 
tture,  the  density  will  continually  decrease  as  the  temper- 
General  doubt  has  been  thrown  on  even  the  limited 
of  this  formula  by  various  authors,  especially  by  Avenarius 
ii.2     The  latter  found  that  the  formula 

v  =  a^b  log  (^f-^) 

r  Avenarius  represented  the  results  of  his  experiments  very 
3ly.  In  this  formula  6c  represents  the  critical  temperature 
1  (see  Art.  238). 

jneral  formulae  ^  connecting  pressure,  volume,  and  tempera- 
ally  those  of  Clausius  and  van  der  Waals,  will  be  con- 
r  on  (Chapter  V.  section  vii.). 

ximum  Density  of  Saline  Solutions. — It  was  established 
z"*  that  other  liquids,  especially  saline  solutions,  exhibit 
;s  of  maximum  density  under  a  given  pressure.  The 
ere  observed  in  the  dilatometer,  and  in  this  they  could  be 

the  liquid  state  to  temperatures  considerably  below  their 
jzing  points,  and  their  variations  of  volume  could  be  noted 
case  of  water.  The  effect  of  salts  dissolved  in  water  is 
notably   lower  the  temperature  of  maximum  density,  as 

normal  freezing  point.     The  following  table,  taken  from 

Physico-Chem.  Soc.  Journal,  1884. 
maldi,  Journal  de  Physique,  torn.  v.  p.  29,  1886. 
Heen  {Journal  de  Phys.  toni.  iii.  p.  549,  1884),  assuming  that  the 
i  liquid  attract  according  to  tho  inverse  seventli  power  of  the  distance, 

ormula  r  =  (l  -  l"333a^)- -— — ,  where  a  is  the  coefficient  of  expan- 

1    O  O  'J 

•oposed  the  formula 

(J 
log  r=  -  A-f-li0  I-  ^, 

e  volume,  ami  B  the  absolute  temj)erature  [Edin.  Xerr  Phil.  Journal, 

;  Scie-atijic  Papers,  p.  13). 

,  Ann,  de  Chimie  et  de  Phy^..  2<^,  torn.  Ixx.  p.  49,  1839. 
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Rosetti's  memoir,^  fully  exhibits  this  point  in  the  case  of  ordinary 
salt : — 


Solutions  of  Common  Salt  (KaCl.) 


Weight 
of  Salt 


ic. 


Max.  I)»*nsity  i  Normal  Frwz- 
TpiniM^raturc    i       ing  l*oiiit 


0 

0-r. 


3 
1 

7 
8 


A  S[)eciriiei] 
'  of  sea-water 


*  4 
-^  3 
■^■     1-77 

-  0-5S 

-  3-24 

-  5-63 
-11-07 

-  13-69 
-16-62 

-  3-21 


0" 

0  32 

0-65 

1-72 

1-90 

2-60 

3-91 

4-60 

r>-12 

1-90 


ring  of  $m 

^0m 

«o 

Atfm. 

tc. 

i 

If. 

(» 

•  •  • 

; 

1-00 

-2-00 

'      -0-64 

2  23 

-2-23 

-  0-65 

4-58 

-2-29 

-0-63 

7-24 

-  2-41 

;      -0-68 

9-63 

-2-41 

-0-65 

15-07 

--  2-61 

'      -0-65 

17-69 

-2-63 

-0-65 

20-62 

-2-58 

»  •  • 

-  0-64 

The  last  two  columns  show  that  the  lowering  of  the  normal  freezing 
point,  as  well  as  that  of  the  temperature  of  maximum  density,  is 
within  the  range  of  these  experiments  approximately  proportional  to 
the  quantity  of  salt  dissolved. 

[An  elaborate  series  of  experiments  was  carried  out  by  P.  G.  Tait, 
on  the  properties  of  fresh  and  salt  water.^  The  following  are  some  of 
the  results  obtained  : — 

The  teini)erature  of  maximum  density  of  fresh  water  is  lowered 
about  3'  C.  for  each  ton  per  square  inch  pressure  (15(L.atmos.).  This 
agrees  fairly  well  with  Amagat's  result  given  in  Art.  119.V 

The  lowering  of  the  freezing  })oint  of  fresh  water  under  pressure, 
as  determined  by  experiment,  accords  well  with  the  theoretical  value 
given  by  J.  Thomson  (see  Art.  181),  i.e.  it  is  about  1°*13  C.  per  ton 
pressure  on  the  scjuare  inch.  Hence  under  a  pressure  of  2*14  tons 
})er  square  inch  the  maximum  density  point  would  coincide  ^tn 
the  freezing  point,  at  -  2" '4  C.  The  compressibility  of  fresh  water 
diminishes  as  the  temperature  rises  from  0°  C.  under  atmospheric 
pressure.  At  a])out  GO"  C.  it  attains  a  minimum  value,  increasing 
again  at  higher  temperatures.  Increase  of  pressure  lowers  the 
temperature  of  minimum  compressibility. 

The  behaviour  of  salt  water  agrees  in  its  general  character  with 
that  of  fresh.  The  expansibility  of  water,  salt  or  fresh,  increases 
considerably  with  pressure. 

'  Rosetti,  Ann.  dr  CliimU  ct  de  Phys.y  4<-\  torn.  xvii.  p.  382,  186i^. 
-  Tait,  Scientific  Pupers,  vol.  ii.  p.  1. 
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An  interesting  question  discussed  by  Tait  is  the  equilibrium  of  a 
umn  of  water.  He  points  out  that  in  a  very  tall  column  of  water 
It  or  fresh)  at  the  same  temperature  throughout,  the  equilibrium 
5ht  be  rendered  unstable  in  consequence  of  the  heat  developed  by 
sudden  large  increase  of  pressure.  For,  as  the  expansibility  of 
ter  is  notably  increased  by  pressure,  the  lower  i>arts  of  the  column 
1  become  hotter  and  less  compressible  than  the  upper.  This  effect 
not  produced  in  a  tall  column  of  air,  for  the  expansibility  is  practi- 
ly  unaltered  by  pressure. 

It  may  be  gathered  from  these  experiments  of  Tait's  that  vertical 
rrents  might  occur  in  ocean  depths.  The  stability  is  not  such  as 
would  be  if  the  water  at  the  bottom  were  at  its  maximum  density, 
fact,  as  we  have  seen,  the  maximum-density  point  would  overtake 
8  freezing  point  in  fresh  water  at  -  2'''4  C.  under  a  pressure  corre- 
onding  to  a  depth  of  about  1800  fathoms.  The  depth  at  which 
is  would  occur  in  salt  water  would  probably  not  be  very  different, 
id  the  freezing  of  the  water  would  prevent  the  condition  above 
entioned  being  attained.  The  results  of  the  Cfuillenger  expedition 
low  that  the  temperature  of  the  ocean-floor  is  remarkably  uniform, 
id  (except  in  cold  latitudes)  above  the  normal  freezing-point.  In 
-neral,  after  the  surface  layers  are  passed,  the  temperature  falls 
-eadily  at  first  but  more  slowly  as  the  depth  increases.  From  about 
500  fathoms  down  to  the  bottom  it  is  nearly  constant.  At  the 
ottom,  which  in  some  soundings  was  found  at  depths  of  over  3000  or 
^en  4000  fathoms,  the  temperature  in  the  Atlantic  Ocean  was  about 
6'  or  37°  F.  (2^*5  C),  and  in  the  Pacific  Ocean  about  35^^  R] 

122.  Dilatation  of  Liquids  at  Temperatures  above  the  Normal 
^oiling  Point. — The  normal  boiling  point  of  a  liquid  is  the  tempera- 
iire  at  which  it  boils  under  the  pressure  of  one  standard  atmosphere, 
^nder  this  pressure  the  substance  remains  in  the  liquid  state,  only  up 
0  the  boiling  point,  and  is  then  vaporised  with  a  sudden  and  large 
l^nge  of  volume.  By  increasing  the  pressure,  however,  ebullition 
^^y  be  prevented  indefinitely,  and  the  substance  may  be  maintained 
^  the  liquid  state  up  to  a  certain  temperature  (called  the  critical 
^^nperature),  at  which  it  appears  to  be  completely  and  suddenly 
'''aporised.^ 

For  the  present  it  is  sufficient  to  know  that  a  liquid  may  be 
•^iiintained  at  temperatures  far  above  its  normal  boiling  point,  and 
^•^t  consequently  its  expansion  may  be  investigated  at  high  tempera- 
^«res.  In  general,  the  coefficient  of  expansion  of  a  liquid  increa,ses 
the  temperature,  and  at  temperatures  which  are  high  for  a 
'  This  transformatioa  is  considered  iu  Chapter  V.  Section  vi. 
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liquid — that  is,  temperatures  near  the  critical  temperature  of  that 
liquid — the  coefficient  of  expansion  may  equal  or  exceed  that  of  the 
permanent  gases.  Thus  Thilorier^  found  that  liquid  carbonic  acid 
expanded  between  zero  and  30°  by  half  its  volume  at  zero,  which 
shows  an  ex{)ansion  four  times  greater  than  that  of  air,  and  Drion^ 
obtained  similar  results  for  ether,  sulphurous  acid,  and  nitrous  acid, 
as  shown  in  the  following  table  : — 


COEFFICIKNTS   OF   EXPANSION 


-   _  -                   -       — 

~ 

~                                         ~~      ~~  ~  ~ 

Teiiii»erattin». 

Ether. 

Sulphurous  Acid. 

Nitrous  Acid. 

0" 

0-001482 

0-001734 

0-001445 

10 

0-001568 

0-001878 

0-001514 

30 

0-001811 

0-002192 

0  001706 

r)0 

0-00206r> 

0  002535 

0  002021 

70 

0-002390 

0-003176 

0-002478 

1)0            ' 

0-002910 

0  004147 

0-003081 

no 

0-003690 

0005919 

•  •  • 

i:jo 

0  005031 

0-009571 

Thus  at  about  llO''  ether  has  a  coefficient  of  expansion  equal  to  that 
of  air  (0003GG5),  and  sulphurous  and  nitrous  acids  attain  the  same 
value  about  80""  and  105'  respectively. 

A  series  of  experiments  was  executed  by  Hirn^  on  the  same 
subject,  with  a  modified  form  of  the  weight  thermometer,  consisting 
of  a  huge  bulb  containing  the  liquid,  and  a  long  stem  containing 
mercury  which  overflowed  at  a  point  11 '25  m.  above  tlie  bulb,  so 
that  the  liquid  expanded  under  a  constant  pressure  of  nearly  1-^ 
atmospheres. 

He  expressed  the  dilatation  A  by  means  of  formulae  of  the  type 

and  found  that  the  coefficient  of  expansion  of  water  at  180"  C  ^^ 
about  half  that  of  air,  while  that  of  alcohol  at  160°  was  0*017843,  or 
about  five  times  greater  than  that  of  air.  Thus  in  the  case  of  water, 
the  volume  being  taken  equal  to  unity  at  zero,  the  volume  at  any 
temperature  0  between  100''  and  200'  C.  was  given  by  the  formula 

r  =  1  4-  0  -0001 0867875^  +  0  -0000030073653^ 
4  0-0000000028730422^3  -  0-0000000000066457031^, 

with  similar  formulie  for  alcohol,  ether,  and  other  substances. 

'  Thilorier,  Auft.  dc  Chimif  cf  dc  Phys.,  2®,  torn.  Ix.  p.  427,  1835. 
-  Drion,  Anu.  dv  Chiiuic  ct  dc  Vhys.,  3«^,  torn.  Ivi.  p.  5,  1859. 
'  Him,  Aim.  tic  Chhnic  ef  dc  Phys.,  4*^,  torn.  x.  p.  32,  1867. 
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More  recently  M.  S.  P.  Grimaldi  ^  has  executed  a  series  of  experi- 
ments on  the  dilatation  of  ethyl  oxide  under  pressures  varying  from  1 
to  25  metres  of  mercury,  and  at  temperatures  between  0°  and  105°  C, 
the  pressure  being  produced  by  the  electrolysis  of  acidulated  water. 
From  the  dilatations  the  compressibility  was  deduced,  and  was  found, 
to  be  independent  of  the  pressure  in  accordance  with  the  observations 
of  Jamin,  Amaury,  Deschamp,  and  Cailletet,  but  contrary  to  the 
experiments  of  Ck>Iladon  and  Sturm,  as  well  as  those  of  M.  Amagat. 
From  the  expenments  of  Grassi  it  would,  however,  appear  that  the 
compressibility  of  water  increases  as  the  temperature  falls,  so  that 
the  temperature  of  maximum  density  is  lowered  by  increase  of 
pressure,  the  lowering  being  about  V  C,  for  a  pressure  of  about  50 
atmospheres  (see  further.  Art.  119). 

*  Orimaldi,  Journal  de  Phytfique^  torn.  v.  p.  29,  1886. 
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123.  Dilatation  of  the  Thermometrlc  Substance. — Having  agreed 
to  measure  equal  increments  of  temperature  by  equal  absolute  incre- 
ments of  volume  of  some  chosen  substance  under  constant  pressure, 
we  have  already  seen  that  for  this  substance  the  equation 

V=V.,(l+a^) 

always  holds  true,  where  a  is  a  constant,  namely,  the  coefficient  of 
expansion  of  the  substance  at  the  chosen  zero  of  temperature,  or  the 
mean  coefficient  of  expansion  between  zero  and  6,  In  order  to  deter- 
mine a  for  the  thermometric  substance  it  is  necessary  to  observe  the 
volume  Y^^  at  zero  and  the  absolute  increase  of  volume  V  -  V^  corre- 
sponding to  any  temperature  6,  or  if  the  volume  v  of  a  degree 
measure  be  known  we  have  simply  a  =  t-/ V^.  The  practical  determina- 
tion of  a  consequently  requires  an  accurate  knowledge  of  the  expansion 
of  the  envelope,  and  this  may  be  found  by  the  methods  already 
described. 

These  remarks  apply  to  the  thermometric  substance  whatever  it 
may  be.  For  this  substance  the  relation  between  any  two  tempera- 
tures and  the  corresponding  volumes  will  always  be,  under  the  given 

conditions  of  pressure, 

e-0'  =  A{v-v'), 

which  merely  expresses  that  the  change  of  temperature  is  proportional 
to  the  change  of  volume.  The  factor  A  is  a  constant  under  given 
conditions  of  j^ressure,  and  is  therefore  a  function  of  the  pressure  onl,V» 
which  can  be  determined  when  the  laws  of  compressibility  of  the  sub- 
stance are  known.  If  the  thermometric  substance  happened  to  be  a 
liquid  at  all  temj)eratures  obtainable,  and  if  it  reached  a  least  volume 
?•(,  at  some  temperature  (like  water  at  4"),  then  this  would  correspond 
to  the  lowest  temperature  which  it  would  be  possible  to  register  with 
this  substance.  Taking  this  as  our  zero,  the  temperature  measured 
from   this    zero    might   be    called    the  absolute  temperature  for  this 
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stance,  and,  denoting  this  by  6,  we  should  have 

e  =  A(v-ro). 

For  many  reasons,  already  mentioned,  it  has  been  decided  to  take 
ne  permanent  gas  as  the  standard  thermometric  substance.  The 
!al  limit  to  which  such  a  substance  approximates  is  exact  obedience 
Boyle's  law.  If  this  law  is  obeyed,  it  follows  that  the  product  of 
s  pressure  and  volume  is  proportional  to  the  temperature  measured 
)m  the  absolute  zero  of  an  ideal  thermometer  filled  with  a  substance, 
Miva  olieying  Boyle's  law,  so  that  the  volume  /^,  is  zero,  and  the  con- 
int  A  is  })roportional  to  the  pressure.  Hence  for  all  such  substances 
aen  temperature  is  measured  in  this  manner,  we  have  the  equation 

6  be  the  corresponding  temperature  on  the  centignT.de  scale,  and  6^ 
le  absolute  temperature  corresponding  to  the  melting  point  of  ice, 
leii 

Let  us  now  seek  the  mean  coeflieient  of  expansion  of  such  a  sul>- 
tAnce.  In  working  with  solids  and  liquids  it  was  not  necessary  to 
onsider  small  variations  of  pressure.  A  small  change  of  pressure  does 
'Ot  sensibly  affect  the  volume  of  a  solid  oi-  liquid.  In  the  case  of 
[ases,  however,  variations  of  pressure  notably  affect  the  volume,  and  in 
^li  practical  investigations  such  changes  must  be  determined  and 
^Howed  for. 

In  the  first  place,  let  us  sup{)ose  that  the  pressure  is  maintained 
'onsUmt,  and  that  the  temperature  and  volume  vary.  At  any  tem- 
[>enttiire  t^'  C.  we  have  the  equation 


*ntl  at  0  C.  we  have 
^nsequently 

^<i  therefore 


;>r  =  Re,. 
j>r„=Reo, 

Vn  Bo         0(i' 


_v  -  r„_  1 


"«nce  tlie  relation  between  the  absolute  temperature  0  and  the  centi- 
gRide  temperature  6  is 


a 


It  thus  ap]:)ears  that  the  mean  coefficient  of  expansion  l)etween  0' 
*^'»  ^  C.  of  any  thermometric  substance  obeying  Boyle's  law  is  the 
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reciprocal  of  the  absolute  temperature  of  the  freezing  point.  Tm 
coefficient  is  indepencient  of  R,  that  is,  of  the  other  properties  of  the 
substiince,  and  it  therefore  follows  that  if  all  the  gases  obey  Boyle's 
law,  and  if  they  all  give  the  same  absolute  zero  when  used  as  a  ther- 
mometric  substance,  they  will  all  possess  the  same  coefficient  of 
expansion,  and  vice  versd.  The  whole  question  about  gases,  then, 
reduces  to  the  examination  of  how  closely  they  obey  Boyle's  law. 
This  point  will  be  considered  in  Art.  247.  At  present  we  shall  con- 
sider the  methods  by  which  the  mean  coefficient  a  has  been  obtained  in 
the  case  of  ordinary  gases.  There  are  in  general  two  methods  of 
attack.  Either  by  keeping  the  pressure  constant  and  observing  the 
change  of  volume  between  0°  and  1 00"  C.  (or  any  other  temperature 
0^  C.\  or  by  keeping  the  volume  constant  and  noting  the  correspond- 
ing change  of  pressure.  The  former  gives  the  mean  coefficient  of  in- 
crease of  volume,  or  the  dilatation  in  the  proper  sense  of  the  t^rm, 
while  the  latter  gives  the  coefficient  of  increase  of  pressure.  If  Bojles 
law  is  obeyed  these  two  coefficients  are  equal,  for  the  former  is 

and  the  volume  being  constant  the  latter  is 

dp,     e; 

In  geiHffal,  when  the  pressure  is  kept  constant,  we  have 

1  (h  _  1      1  iiv      1 

Similarly  when  the  volume  is  kept  constiint, 

1  fli>    1     1  '//>  _  1 

The  extent  to  which  the  coefficient  of  increase  of  pressure  is  fouiw 
by  experiment  to  agree  with  the  coefficient  of  increase  of  volume  ^*^ 
consequently  furnish  a  test  as  to  how  nearly  the  gas  under  examiD*' 
tion  obeys  Boyle's  law. 

124.  Dilatation  under  Constant  Pressure. — The  coefficient  of  ex- 
pansion of  the  therniometric  substance  must  be  determined  by  directly 
observing  its  volume  under  constant  pressure  at  two  fixed  temper*" 
tures,  unless  some  law  connecting  the  pressure  and  volume  at  constA^t 
temperatures  has  been  previously  established.  If  such  a  law  be  known 
other  methods  in  which  the  pressure  is  variable  and  volume  constant? 
or  in  which  both  pressure  and  volume  vary,  may  be  devised.  I* 
Boyle's  law  had  not  been  known  all  experiments  on  the  expansion  o» 
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'ould  have  been  made  by  observing  the  volume  under  constant 
e.  As  a  matter  of  fact,  this  method  was  adopted  in  the  earlier 
^tions,  but  it  was  ultimately  superseded  by  other  methods 
ing  on  the  application  of  Boyle's  law.  The  practical  diflSculties 
Qg  the  observation  of  the  volume  under  constant  pressure,  and 
•ors  attending  the  experiment,  are  much  greater  than  those 
ng  the  observation  of  the  pressure  under  constant  volume, 
leless,  it  is  of  prime  importance  that  the  coefficient  of  expan- 
der constant  pressure  should  be  measured  by  direct  experiment, 
t  comparison  of  this  coefficient  with  that  obtained  by  any  other 
founded   on   some    previously  determined   pressure -volume- 


■•■''•'   ■■'■''"/::f^^.",/':;\'?^f-^i-:  ' 
Fig.  4K.— Gay-LuH8ac'8  Apuaratus. 

I  at  constant  temperature,  will  furnish  a  test  of  the  truth  and 
)f  applicability  of  this  relation. 

e  early  experimenters  on  this  subject  were  not  aware  of  the 
mportance  of  procuring  the  air,  or  other  gas,  quite  pure  and 
ly  free  from  aqueous  vapour.  Gay-Lussac  ^  seems  to  have  been 
Jt  to  pay  some  attention  to  this  important  point.  The  appa- 
Fig.  48)  employed  by  this  philosopher  was  simply  a  glass  bulb, 
lished  with  a  straight  stem,  AB,  which  was  carefully  calibrated, 
r  which  filled  the  bulb  was  freed  from  moisture  by  being  passed 
;h  desiccating  tubes  before  entering  the  bulb.  The  bulb  was 
lied  with  mercury  and  then  turned  upside  down,  so  that  the 
ry  escaped  and  air  entered  through  the  drying  tubes  to  take  its 
A  short  index  a  of  mercury  was  left  in  the  stem  to  mark  the 
e  of  the  air  enclosed.  The  stem  was  maintained  horizontal,  so 
le  pressure  of  the  enclosed  air  was  that  of  the  atmosphere.     By 

ajr-Lnssac,  Ann.  de  Chimie  et  de  Physique^  l^^',  torn,  xliii.  p.  137,  An  X«. 
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reading  the  barometer  it  can  be  ascertained  if  this  remains  constant 
during  the  experiment ;  if  not,  corresponding  corrections  must  be  applied 
for  the  variation  of  volume  arising  from  change  of  pressure.  The  bulb 
and  part  of  the  stem  wore  immersed  in  melting  ice  and  afterwards  in 
Gay-      boiling   water,    the   temperature   of   which  was   noted   by   mercury 

Li  II  ss&c 

thermometers.  The  volume  was  noted  in  both  cases,  and  the  mean 
coefficient  of  expansion  deduced  was  000375.  Correction,  of  course, 
must  be  made  in  such  an  experiment  for  the  expansion  of  the  glass. 
The  volume  of  the  bulb  and  of  each  division  of  the  stem  at  some 
definite  temperature  is  ascertained  by  weighing  the  quantity  of  mercury 
it  contains  at  this  temperature,  and  from  the  known  expansion  of  the 
ghuss  the  volume  at  any  other  temperature  can  be  calculated. 

The  same  value  for  this  coefficient  was  independently  arrived  at 
by  Dal  ton,  ^  and  afterwards  these  experiments  were  repeated  and  con- 
firmed  by  Dulong  and   Petit,-  and   consequently  this  value  of  the 

iudberjj:.  coefficient  was  universally  accepted  as  connect  until  Rudberg,  a  Swedish 
physicist,  pu])lished  a  memoir  giving  the  lower  value  0*003646. 
Rudberg  here  pointed  out  the  great  importance  of  thoroughly  desiccat- 
ing not  only  the  air  admitted  to  the  bulb,  but  also  the  bulb  itself.  For 
this  purpose  the  bulb  was  repeatedly  filled  with  dry  air  and  exhausted, 
while  at  the  same  time  it  was  highly  heated  so  as  to  expel  all  moisture 
from  its  walls.     The  experiments  of  Rudberg  were,  however,  conducted 

Magnus,  at  constant  volume,  so  that  Magnus  ^  undertook  the  re-determination 
of  the  coefficient  of  expansion  under  constant  pressure  by  the  method  of 
Gay-Lussac.  The  mean  of  thirty-two  experiments  gave  a  value  differing 
little  from  that  of  Gay-Lussac,  the  extreme  values  being  0*0038769 
and  0*00355.  The  great  divergence  exhibited  here  led  Magnus  to 
a])andon  the  method  of  Gay-Lussac  altogether.     This  method  suffers 

1  Daltoii  found  that  1000  measures  of  air  at  55°  F.  became  1325  at  212' F. 
{Afcuioirs  of  the  Manchfskr  PhiJ.  Soc.y  vol.  v.  pt.  iii.  p.  599),  and  in  his  Cheinu»^ 
rhU(fSophii  he  states  that  1000  measures  at  32°  F.  become  1376  at  212*,  according  to 
his  own  and  Gay-Lussac's  experiments.  Regnault  api>ears  to  have  mistaken  Dalton's 
meaning  and  fancied  that  an  error  had  crept  in  here,  for  he  says  {M6irwires<U  VAcfl- 
d^mk)  :  "  Rudberg  temiine  son  Second  Mt'-moire  par  une  remarque  importantf,  qo' 
avait  cte  deja  faite  en  1813  par  Gilbert  ( .1  )ina/r.H  tfc  Gilbert^  tom.  xiv.  p.  267),  raaisqui 
depuis  etait  tombee  tout  a  fait  dans  I'oubli ;  snvoir,  que  les  cxp<^rienees  de  MM.  Dftlton 
et  (Jay-Lussac,  <iue  Ton  avait  regardees  commo  ayaut  donn^  des  r^sultats  presque 
identi«|ues,  different,  an  contraire,  beaucoup." 

This  stateniiiit  arose  from  the  8U]>position  that  Dalton  took  the  initial  volume  to 
l»o  1000  at  :32  Y.  instead  of  55^  F.  He,  however,  expressly  states  that  when  the 
volume  was  lOoO  nt  55  F.  it  was  1325  at  212°,  and  he  mentions  in  addition  that  be 
had  not  the  means  of  obtaining  the  volume  at  32"  F.  The  coefficient  is  thus  0*00873, 
which  is  sensibly  the  same  as  the  mean  of  Gay-Lussac's  experiments. 

'^  Dulong  and  Petit,  Ann.  (fe  ChimU'  H  dr  Ph}fsiq\u^  2®,  torn.  ii.  p.  240,  1816. 

•'  Magnus,  Pogg.  Ann.  vol.  Iv.,  1842 ;  Ann.  de  Chim.  et  de  Phys,,  8®,  tom.  vi.  p.880. 
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1  defects  which  render  the  results  obtained  by  it  open  to  doubt, 
I  though  the  air  enclosed  by  Gay-Lussac  had  been  perfectly  dry. 
se  defects  lie  in  the  method  of  measuring  the  volume  of  the  air  by 
ns  of  a  moving  index  of  mercury.  In  the  first  place,  it  may  be 
K!ted  that  the  index  does  not  properly  close  the  tube  so  as  to  pre- 
t  all  communication  between  the  air  inside  and  outside.^  Magnus, 
act,  found  that  when  the  apparatus  was  brought  to  zero  the  air 
osed  scarcely  ever  exhibited  the  same  volume.  Besides  this  a 
cury  index  always  sticks  somewhat  to  the  walls  of  the  tube,  so 
i  the  pressure  inside  and  outside  may  ditfer  slightly  without 
ring  the  index.  The  errors  arising  from  these  sources  are  conse- 
ntly  sufficient  to  condemn  the  method. 

125.  Regnault's  Experiments. — After  executing  several  series  of 
leriments  by  other  methods  depending  on  the  application  of  Boyle's 
to  gases,  Regnault  next  attacked  the  problem  of  directly  deter- 
ling  the  expansion  under  constant  pressure.  For  this  purpose  he 
ployed  the  apparatus  shown  in  Figs.  24  and  25,  which  may  be 
med  a  constant- pressure  air  thermometer.  The  bulb  was  well 
ed  and  filled  with  dry  air  at  the  pressure  of  the  atmosphere,  the 
Tcury  being  adjusted  so  as  to  stand  at  a  fixed  mark  a  on  the  arm 
h  and  at  the  same  level  on  the  other  arm,  IJ,  of  the  manometer. 
le  tube  op  (Fig.  24)  was  then  sealed  up  while  the  bulb  was  sur- 
unded  with  melting  ice.  The  bulb  at  this  stage  contained  air  at 
fo,  and  at  the  pressure  H  of  the  atmosphere,  which  was  determined 
'reading  the  barometer  at  the  time  of  sealing  the  tube  op.  The 
-  was  then  removed,  and  the  bulb  was  placed  in  a  steam  bath,  the 
ercury  being  allowed  to  escape  from  the  manometer  till  equality  of 
^el,  or  a  small  difference  of  level  h\  which  was  measured  by  means 
a  cathetometer,  was  secured.     During  this  process  the  air  expanded 

'  Regnaalt  {Ann,  de  Chim.  et  de  Phys,^  3^,  torn.  iv.  p.  43,  1842)  also  made  some 
P^riments  on  the  expansion  of  air  by  the  method  of  Gay-Lussac,  and  obtained  the 

0*003641,  0003626,  0003635,  0003647,  0*003652. 

1  these  numbers  are  less  than  those  obtained  by  other  methods,  and  this  Regnault 
'^ders  remarkable.  This  might  arise  from  the  imperfect  closing  of  the  stem  by 
*niercury  index.  Thus  if  the  index  does  not  slide  air-tight  in  the  stem,  then 
"«a  the  gas  is  expanding  the  internal  pressure  is  greater  tlian  the  external,  and 
^«air  will  escape  from  the  bulb,  and  the  final  volume  will  a])pear  too  small.  So 
I*'Q  when  the  air  is  contracting  the  external  pressure  exceeds  the  internal,  and  air 
'^'rs  the  bulb.  In  the  first  process  warm  air  esca])e8,  and  in  the  second  cold  denser 
f  outers,  so  that  when  the  apparatus  again  returns  to  zero  the  volume  of  the  air 
"Closed  would  be  greater  than  l>efore.  In  an  experiment  the  index  at  zero  stood  at 
*  division  152'7,  and  at  100  the  readin<,'  was  534*5,  and  after  returning  to  zero 
'^reidiiig  was  154*5,  the  barometer  not  having  sensibly  changed. 
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and  occupied  jiart  of  the  gradtiated  ann  FG.  Let  V^  be  th 
of  the  bulb  at  zero,  p,  the  volume  of  the  stem  up  to  the  fixo 
and  r^  the  volume  of  the  graduated  tube  from  a  to  the  eurfi 
mercury.  Then  if  the  whole  mass  of  gaa  were  at  the  same  tei 
its  volume  at  zero  would  be  Vg  -i- 1\  and  its  volume  at  6 
(Vj,  +  t\  +  i'2)(I  +  gS),  and  if  the  pressure  were  exactly  the  sa 
second  case  as  in  the  first  the  coefficient  of  expaDaioti  would 
at  once  by  the  equation 

(V„  +  r,Kl+Q«)=(V„+r,4c,)(l+s7*), 
the  tempcniture  0  being  approximately  100'  C,  the  differen 
on  account  of  the  atmospheric  pressure  being  not  necessari 
760  mm. 

In  the  experiment,  however,  the  gas  occupying  the  stem 
was  not  at  the  same  temperature  as  that  in  the  bulb,  and 
pressure  was  not  exactly  the  same  as  the  initial.  If  the  vol 
at  the  temperature  d^,  and  p^  at  S^  while  the  bulb  is  at  I 
initial  and  final  pressures  are  H  +  A  and  H'  +  h',  then  the  full 
for  a  will  be 

L      1  -Haff  1  -hatfj  I  -i-av^    J  L  '  +affi    J 

This  equation  follows  from  the  application  of  the  equation  ^ 
=  constant  (Es,  4,  p.  151)  for  the  whole  mass  of  gas.     Froi 

have  liegiiault's  formula ' 


where  V  is  written  for  rj(l  +3^,)  and  r'  replaces  the  corr 
terms  in  $^  and  r.^  The  terms  in  the  denominator  which  i 
and  1''  also  include  a,  the  quantity  sought,  hut  on  accoui 
small  values  of  w  and  K  comiwtred  with  V^  an  approximate  v 
'  III  tliia  eijuation  ^^  anil  S^  arr  practiuallj  conatant,  vhile  8  and  r,  va 
(iiftiTBii  tinting  witli  res[iect  to  S  »-o  have 


•,8Adv,_ 


•Ir,     (l+ofl,l(a-u)V.       ,.  ,  .  1 

Te=  (I  +J,)a  +asr  ''^'"^^  """" "'  e*- 

Tliiit  ia.  till-  iiierease  ilci  of  volume  corifspondiiig  to  a  definite  rise  of  ten 
varies  inversely  as  the  square  of  tbc  a1iao1ut«  temperatun.  Heoce  the  • 
the  instrument  diTcreast's  aa  tlie  tem|>erature  rises,  and  this  circumstance  k 
to  reject  tlio  conBtant-i'ieNsur^  air  thermometer.  In  the  otse  of  the  consl 
tliormometer,  on  the  other  band,  tlie  aeiisibiUt;  is  as  good  at  high  tem| 
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,y  be  used  in  these  terms,  and  the  resulting  value  of  a  deduced 
•m  the  equation.  In  this  experiment  the  accurate  determination  of 
5  volumes  V^^  r^,  and  Vg  is  of  prime  importance,  as  well  as  certain 
owledge  of  the  temperature  6^  of  the  bath  enclosing  the  manometer. 
e  volumes  are  determined  by  weighing  the  mercury  which  fills  the 
responding  spaces  at  some  definite  temperature,  and  the  temperature 
the  bath  is  kept  uniform  by  constant  agitation.  Another  point  of 
portance  is  the  thorough  desiccation  of  the  manometer  tube  FG  as 
11  as  the  bulb. 

The  value  of  a  obtained  in  this  manner  slightly  exceeds  that 
tained  by  the  other  methods,  but  the  excess  is  not  so  notable  as  to 
ud  to  the  conclusion  that  within  the  limits  of  the  experiments  Boyle's 
w  is  sensibly  deviated  from.  The  first  series  of  experiments  gave 
B  same  coeflScient  for  air  and  hydrogen,  but  in  the  later  experiments 
e  coeflScient  for  hydrogen  was  somewhat  less  than  that  of  air.  A 
nilar  result  was  obtained  by  Magnus.^  The  difference,  however, 
u  within  the  limits  of  experimental  error,  and  consequently  nothing 
^finite  could  be  inferred  from  it  (cf.  Art  248). 

By  varying  the  initial  pressure  the  expansion  under  diflferent 
ressures  may  be  examined  in  the  same  way.  The  results  obtained 
y  Kegnault  were  as  follows  : — 

Experiments  under  Atmospheric  Pressure 


Carbon  Monoxide        .         .     0  0036688 
Nitrous  Oxide     .  .     0*0037195 

Cyanogen    ....     0*0038767 


Ur 0*0036706 

Mwgen   ....  0-0036613 

^rbonicAcid     .  .  0  0037099 

Sulphurous  Acid.  .  0*0039028 

^^hen  the  pressure  was  between  250  and  260  centimetres  of  mercury 
^be  coefficients  found  for  air,  hydrogen,  and  carbonic  acid  were 
0-0036944,  0-0036616,  and  0-0038455  respectively. 

In  the  case  of  sulphurous  acid  great  difficulty  was  always  experi- 
enced in  thoroughly  drying  the  gas,  and  it  consequently  had  to  be 
allowed  to  enter  the  bulb  very  slowly,  and  so  remain  a  long  time  in 
the  drying  tubes.*  The  coefficient  of  this  gas  (or  of  any  other),  near 
^^  condensing  point,  increases  with  the  pressure.  Thus  at  760  mm. 
^ke  coefficient  of  SOg  was  0-003902,  and  at  980  mm.  it  was  0-003980. 

Within  certain  limits,  however,  all  gases  may  be  regarded  as  ex- 
panding equally,  that  is,  all  gases  sufficiently  far  removed  from  their 
^ndensing  points  approximately  obey  the  law  of  Charles. 

'  HagnuB,  Ann.  de  Chimie  et  de  Physique^  3°,  toni.  iv.  p.  334,  1842. 
^  With  any  such  gas  all  air  should  be  carefully  swept  out  of  the  drying  tubes 
t«fore  filling  the  bulb. 
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[The  values  of  the  coefficient  of  expansion  of  air  have  been 
determined  by  Witkowski  ^  for  a  very  wide  range  of  pressure  and 
temperature.  His  method  consisted  in  filling  two  similar  bulbs  with 
air  at  the  same  pressure,  but  at  different  temperatures.  The  quan- 
tities of  air  in  the  two  bulbs  were  then  compared  by  discharging  them 
into  eudiometers  at  atmospheric  temperature  and  pressure.  From 
these  data  he  deduced  the  mean  coefficient  of  expansion  for  the  given 
pressure  and  temperature  as  follows. 

Let  in^y  t'j,  and  0  be  the  mass,  volume,  and  temperature  of  the  air 
in  one  bulb,  and  Wg,  v^t  and  /  the  corresponding  quantities  for  the  other 
bulb,  both  being  at  the  same  pressure  jk  Then  if  the  air  in  the  first 
bull)  be  cooled  to  zero  without  altering  its  pressure,  its  volume  will 
become 

'-1     . 


where  a^^  is  the  mean  coefficient  of  expansion  between  0 '  C.  and  0  ; 
and  if  it  be  now  heated  to  /',  its  new  volume  will  be 

r,(l+a^ 

where  a^  has  a  similar  signification.      Tlie  density  of  the  air  will 
now  be 

and  this  will  be  equal  to  the  density  of  the  air  in  the  second  bulb, 
therefore 

r,(l+a^rf/)  ~  Vn  * 

from  which  we  obtain 


-'-;{:;:^'-'^'')-^} 


In  most  of  the  experiments  /  was  16  C.  The  values  of  a^  were 
found  by  experiments  in  which  0  was  equal  to  /,  and  the  temperature 
of  the  second  bulb  was  zero. 

The  pressure  was  deduced  from  the  observed  expansion  of  the  air 
in  the  bulb  at  16  C.  when  measured  in  the  eudiometer  at  the  same 
temperature,  making  use  of  Aniagat's  determinations  of  the  compressi- 
bility of  air  at  16'  (see  Art.  248).  Witkowski  compared  this  methcxl 
of  measuring  pressures  with  that  of  the  ordinary  nitrogen  manometer. 
He  found  that  the  pressures  indicated  by  his  method  were  slightly 
less  than  those  registered  by  the  nitrogen  manometer.     This  may  be 

'  Phi/,  Mag,,  April  18P6. 
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lue,  as  Prof.  Callendar  remarks,  to  surface  condensation  in  the  capillary 
iube  of  the  gas-manometer. 

Fig.  49  exhibits  the  results  of  Witkowski's  experiments.  It  will 
be  noticed  that  the  curves  for  the  various  temperatures  all  converge 
at  low  pressiires.     This  is  in  accordance  with  the  known  fact  that  the 


•ooeo- 


•0055 


•0050  - 


•0045- 


•0040- 


10 


30         40         50         60  70         80         00        100 

Pij?.  49.— Coefficient  of  diliitation  of  air. 


mean  coefficient  of  dilatation  of  air  at  atmospheric  pressure  is  practi- 
^Uy  independent  of  the  temperature. 

A  table  of  the  values  of  a^  is  given  in  the  Appendix.] 
126.  The  Pressure  Coeffleient. — The  so-called  dilatation  of  a  gas 
*t  constant  volume,  or,  more  properly  speaking,  its  coefficient  of 
increase  of  pressure,  has  been  studied  by  Rudberg,  Magnus,  and 
Kegnault  The  apparatus  employed  by  all  was  almost  exactly  the 
8ame,  the  original  apparatus  adopted  by  Rudberg  being  slightly  im- 
proved and  perfected  by  the  others.  In  its  ordinary  form  it  constitutes 
*  constantrvolume  air  thermometer  (Fig.  24).  The  bulb  is  dried  and 
filled  with  dry  gas  as  already  described,  and  the  mercury  is  adjusted 
80  that  its  surface  stands  at  a  fixed  mark  a  on  the  manometer  arm. 
This  mark  was  placed  by  Regnault  on  the  wide  part  of  the  tube,  and 
not  on  the  capillary  arm.  He  states  that  he  could  never  obtain  con- 
sistent results  when  the  fixed  mark  was  on  tlie  capillary  connecting- 
tube. 

Let  us  suppose  that  the  bulb  is  placed  in  ice  and  filled  with  air 
»hen  the  pressure  of  the  atmosphere  is  H,  and  the  difference  of  level 
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in  the  arms  of  the  manometer  h.  When  it  is  immersed  in  steam  let 
the  difference  of  level  in  the  two  arms  of  the  monometer  be  h\  and 
the  barometric  height  H'.  The  pressure  of  the  gas  in  the  bulb  is  now 
H'  +  h\  and  its  temperature  is  0"  C,  which  is  approximately  100''  C, 
the  difference  being  determined  by  the  deviation  of  H'  from  the 
standard  height  760  mm.  As  before,  if  V^  denotes  the  zero  volume 
of  the  bulb,  and  v^  the  volume  of  the  stem  up  to  the  fixed  mark,  the 
equation  for  a  will  be 

Hence  we  have  Regnault's  formula 

,^  ._(i+r/<^)(H'+A') 

^^'^  Vo(l+a^r). 

The  second  term  in  the  denominator  being  small,  an  approximate 
value  of  a  may  be  employed  in  it,  and  the  calculation  proceeded  with 
by  the  method  of  successive  approximations.  The  mean  of  three 
series  of  experiments  by  this  method  gave 

a  =  0-0036679. 

By  varying  the  initial  pressure,  that  is  the  height  A,  the  effect  of 
pressure  may  be  examined.  The  following  table  is  taken  from  Reg* 
nault's  second  memoir  :  ^ — 

Pressure  Coefficient  for  Air 


Pressure  at  Zero. 

1 

Pressure  at  100'. 

a. 

10972  mm. 

149-31  mm. 

0-0036482 

174-36 

237-17 

0-0036518 

26606 

395-07 

00036542 

374-67 

510-36 

0-0086687 

375-23 

510-97 

0-0086572 

760-00 

■  •  • 

0-0086660 

1678-40 

2286-09 

0-0086760 

1692-53 

2306-23 

0-0086800 

2144-18 

2924-04 

0*0036894 

3655-56 

4992-09 

0-0087091 

From  this  table  it  appears  that  a  increases  gradually  for  air  ^ 
the  pressure  becomes  greater.  Tliis  indicates  that  there  is  a  smal^ 
deviation  from  Boyle's  law,  which  becomes  more  and  more  marked  ^ 


^  Regnault,  Ann.  de  Chimie  et  de  Physique^  3®,  tom.  v.  p.  66,  1842. 
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pressure  becomes  more  elevated.     In  the  case  of  carbonic  acid  this 
iation  is  much  more  distinct,  as  shown  by  the  following  table : — 

Carbonic  Acid 


Pressare  at  Zero. 


Pressure  at  lOO*. 


758-47  mm. 

901-09 
1742-73 
3589-07 


1034-64  mm. 
1230-37 
2387-72 
4759-03 


0-0036856 
0-0036943 
0-0037523 
0-0038598 


127.  [Chappuis'  Experiments. — Careful  determinations  of  the 
ues  of  the  pressure  coeflScients  of  hydrogen,  nitrogen,  and  carbon 
►xide  have  been  made  by  Chappuis^  by  means  of  the  constant 
lume  thermometer  described  in  Art,  94.  In  that  article  the 
388iire  coefficient  op  is  treated  as  a  known  quantity.  Using  the 
iniila  there  given,  op  may  be  determined  if  the  temperature  is 
own.     Taking  the  pressure  at  C"  C.  to  be  equal  to  that  of  a  column 

1  metre  of  mercury  under  standard  conditions,  and  observing  the 
Bssure  at  100°  C,  Chappuis  found  for  hydrogen 

ap= 0-00366254. 

is  is,  of  course,  a  constant  on  the  scale  of  the  hydrogen  thermometer, 
the  case  of  nitrogen  he  enclosed  the  gas  in  a  constant  volume 
-nnometer  with  a  porcelain  bulb  and  measured  the  temperature 
th  a  hydrogen  thermometer.  The  values  of  op  obtained  between 
C.  and  100""  C.  were  the  following  : — 


Tonperature. 

ap 

Temperature. 

ap 

0- 

0-00367698 

70° 

0-00367384 

20 

560 

80 

378 

40 

461 

90 

381 

50 

427 

100 

393 

60 

400 

According  to  this  table  the  pressure  coefficient  for  nitrogen 
finishes  up  to  about  80 "  C.  and  then  increases  again.  This  increase, 
^ich  i8  of  the  same  order  of  magnitude  as  the  probable  errors,  is  not 
accordance  with  our  knowledge  of  the  variations  of  the  coefficients  of 


Travaux  et  Mimoires  du  Bureau  itUernaimial  des  Poids  et  Mestire.t,  torn.  vi.. 
^8-    Phil.  Mag.y  Oct.  1900,  Feb.  1902. 
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gases.  Hence  Chappuis  considered  it  more  probable  that  the  coefficient 
approaches  a  definite  limiting  value  for  each  initial  pressure  which  in 
this  case  seems  to  be  attained  at  about  75'^  C.  If  so,  nitrogen  woiiW. 
at  all  higher  temperatures,  behave  like  hydrogen,  its  compressibility 
being  less  than  is  required  by  Boyle's  law. 

This  assumption  being  made,  it  is  easy  to  calculate  the  correction 
to  be  applied  to  the  readings  of  the  nitrogen  thermometer  to  reduce 
them  to  the  standard  scale. 

Let  the  curve  PqIA  (Fig.  50)  represent  the  relation  between  the 
temperature  and  pressure  of  nitrogen  when  the  volume  is  constant, 
according  to  Chappuis'  experiments.  The  ordinates  are  pressures  and 
the  abscissae  temperatures.     Putting 

?  =  V^{l+aj,0) ^) 

where  P^,  is  the  pressure  at  0^  C.  and  P  the  pressure  at  ^°,  we  have  (if 
we  regard  Oj,  as  constant  in  differentiating) 

1     c/P 


""=?. 


d0 


so  that  ap  is  proportional  to  dVjilO^  that  is,  to  the  tangent  of  the  angle 
of  slope.  The  curve  will  have  a  point  of  inflexion  at  I  corresponding 
to  a  temperature  of  about  75''  if  the  values  given  above  for  oj,  ai* 
coiTcct.  Chappuis,  however,  assumes  that  at  about  75°  Op  attains  a 
limiting  value 

a«„u  =  -00367380, 

SO   that  beyond   I  the  curve  becomes  straight.     As  the  pressure  at 

1 00"  is  more  accurately  known  thaii 
that  at  75^  it  is  better  to  repre- 
sent the  relation  above  100"^  by  a 
straight  line  AB'  through  A  a^d 
parallel  to  the  tangent  at  I,  rather 
than  by  the  tangent  at  I.  H  ^^ 
continue  this  line  backwards  to  cut 
the  pressure  axis  at  P'^  then  Fu 
is  the  fictitious  pressure  which  the 
gas  would  have  at  0°  if  its  pressure 

coefficient  remained  constant  down  to  0    C.     We  have  evidently 


B 
B' 


l%=l'lOO-100l>,; 

= 1 -000086 


nu 


where   P„=l,  and  Pj(j^=  1-367466  in  metres  of  mercury. 
then,  to  represent  the  line  P'„B', 


Putting 


v=V'^[\  +  a,:e\ 
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we  have 


"''"P'n'rf^ 


1      d? 

0 


_Po 


0 


V 
=  0-00367348. 


In  the  formula  ordinarily  used,  Le.  equation  (1)  above,  Op  is  taken 
\s  the  mean  coefficient  between  0°  and  100°,  and  the  line  P^B  represents 
the  relation.  To  calculate  the  error  for  any  temperature-reading  0, 
find  the  corresponding  ordinate  to  AB  and  then  find  the  temperature 
which  gives  an  equal  ordinate  to  AB' ;  this  Will  be  the  corrected 
reading  (see  Art  94). 

The  following  table  contains  the  mean  values  of  the  expansion 
and  pressure  coefficients  for  hydrogen,  nitrogen,  air,  and  carbon  dioxide 
according  to  Chappuis,  and  for  krypton,  argon,  and  helium  according 
to  Ramsay  and  Travers.^] 


Gas. 

Const  PreHS.  76 

Hydrogen 

•00365985 

Nitrogen 

•0036708 

Air 

•0036709 

Carbon  dioxide 

Kr3rpton 

•0036812 

Arson 
Helium 

•0036717 

•0036628 

•00366254 

•00367466 

•00367425 

•00372477 

•0036761 

•0036710 

•0036640 


128.  Method  of  Variable  Pressure  and  Volume. — A  method  in 
^Hich  neither  the  volume  nor  the  pressure  remained  constant  through- 
out the  experiment  was  also  employed  by  Regnault.     This  method  is 
"*8ed  jon   the  assumption   that  the  gas  obeys  Boyle's  law,  and  was 
^^vised  by  Dulong  and  Petit  for  their  experiments  on  the  comparison 
01  the  air  and  mercury   thermometers.     It  was  also  employed  by 
Rudberg  to  determine  the  expansion  of  air.     The  bulbs  used  by  Rud- 
'^rg  were  spherical  and  small,  containing  only  150  to  200  grammes 
o»  mercury.     Regnault  employed  much  larger  bulbs,  which  contained 
^00  to  1000  grammes  of  mercury,  and  were  cylindrical,  so  as  to  avoid 
errors  due  to  refraction  in  observing  the  level  of  the  mercury  surface 
through  the  glass.     The  first  operation  was  to  fill  the  flask  with  dry 
*'r  at  the  boiling  point     For  this  purpose  it  was  immersed  in  the 
^^m  of  boiling  water,  and  connected  with  drying  tubes  and  an  air 
Puinp,  as  shown  in  Fig.  51,  so  that  it  could  be  exhausted  and  dry  air 

*  PML  Trans.,  A.,  1901. 
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admitted  several  times.  The  bulb  having  been  thoroughly  desicc&ted 
and  filled  with  dry  air  was  allowed  to  remain  in  the  steam  for  about 
half  an  hour.  The  drying  tubes  were  then  removed  and  the  tip  of 
the  stem  sealed  up,  the  height  H  of  the  barometer  being  noted  at  the 
same  time.  The  flask  now  contains  air  at  a  pressure  H  and  tempera- 
ture ff  which  is  approximately  100°  C. 

The  second  operation  consists  in  placing  the  flask  as  shown  in  Fig. 
&2,  with  its  stem  dipping  under  the  surface  of  a  basin  of  mercury  and 
ita  bulb  surrounded  by  melting  ice.  In  this  position  the  tip  of  the 
stem  is  broken  with  iron  pincers,  and  the  mercuiy  rises  in  the  tube 


and  partly  fills  the  bulb.  While  the  mercury  is  rising,  the  bulb  may 
be  gently  tapped  to  facilitate  the  passage  through  the  stem  and  pre- 
vent a  false  equilibrium  occurring  through  the  sticking  of  the  mercury 
to  the  walls  of  the  tube.  After  standing  thus  for  an  hour  or  more 
with  the  bulb  surrounded  by  broken  ice,  the  height  A  of  the  level  of 
the  mercury  in  the  bulb,  over  that  in  the  cistern,  is  measured  hv 
means  of  a  cathetometer.  If  H'  be  the  height  of  the  barometer  the 
pressure  of  the  air  in  the  bulb  is  now  H'  -  A,  and  its  mass  is  the  Game 
as  before.  It  now  remains  to  determine  its  volume.  For  this  purpose 
a  small  metal  cap  containing  soft  wax  is  slipped  over  the  tip  of  the 
stem  so  as  to  close  it,  that  the  bulb  and  the  mercury  it  contains  ma.v 
be  weighed.  When  this  weighing  is  effected,  the  instrument  is  com 
pletely  filled  with  mercury  at  zero  and  weighed  again.  The  difference 
of  weight  gives  the  volume  previously  occupied  in  the  bulb  by  the 
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iro.  For  if  V^  be  this  volume  and  V  the  volume  of  the  whole 
i  stem  at  0',  and  if  Wg  be  the  weight  of  mercury  that  tills 
)  at  zero,  and  w  the  weight  of  the  mercury  that  ascended  into 
the  bath,  we  have 

lume  of  the  whole  instrument  at  0°  is  V(l  +g&),  owing  to 
ausion  of  the  glass ;  therefore,  making  use  as  before  of  the 
,tion  of  Boyle's  and  Charles's  laws  (Ex.  4,  p.  151),  we  have 

VO+ff«]H_ 


=  V„[H'-J<). 


.  the  previous  equation, 

w,(i+?e)H  =  (W,- 


ic)(l  +  a(*)(H'-A), 


_\V5(1- 


efficient  deduced  by  Regnault  as  the  mean  result  of  his  experi- 

y  this  method  was  00036623, 

erne  numbers  being  00036689 

036549.     His  mean  result  is 

mewhat  greater  than  tiiat  de- 

by    Rudberg;    and    Regnault 

es   this   to  a  source  of   error 

in  this  form  of  experiment  and 

iced  by  Rudberg.     This  occurs 

■rawing  in  of  small  bubbles  of 

li   the   mercury  as  the   latter 

to  the  bulb  in  the  second  part 

experiment,   and   the   errors 
from  this  source  will  be  more 

the  smaller  the  bulb  This 
on,  in  Regnnult'g  opinion,  arises 
le  fact  that  the  mercury  does  , 
:  the  glass  stem,  and  a  film  of 
osed  between  the  mercury  and 
!  drawn  in  with  tlie  mercury  as 
is  broken  off. 

nrder  to  avoid  this,  Regnault  encircled  the  stem  with  small  brass 
'hich  amalgamated  and  made  perfect  contact  with  the  mercury. 
)  covered  the  surface  of  the  mercury  with  a  layer  of  sulphuric 
hich  was  removed  before  the  measurement  of  the  height  k. 
gnault  conducted  a  further  series  of  ex|>eriraents  with  a  modi- 


i  it  rushes  up  the  stem  after 
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fied  form  of  apparatus.  In  these  iuveatigations  the  stem  oi 
flask  was  made  long,  so  that  when  it  was  opened  under  me 
mercury  rose  to  a  considerable  height  in  the  stem,  but  did 
the  bulb.  In  this  case  k  is  large,  and  the  pressure  H'  -  A  oi 
enclosed  is  email,  but  its  volume  is  nearly  the  same  throu^ 
whole  investigation,  so  that  the  apparatus  is  practically  a 
constant  volume  air  thermometer.  The  coefficient  found  by  thi 
was  sensibly  equal  to  that  obtained  by  the  foregoing,  being  O-i 

The   general   conclusions   at   which   Kegnault  arrived 
elaborate  investigations  were — 

(1)  That  Gaj-Lussac's  coefficient,  0-OO37.5,  was  too  high, 
Rudberg's,  0-003645,  was  too  low,  and  should  be  replacei 
number  0003665. 

{2)  That  all  gases  Jo  not  possess  exactly  the  same  coel 
expansion,  and  that  for  the  same  gas  the  coefficient  at 
volume  (lifTers  somewhat  from  that  under  constant  pressure. 

(3)  That  the  coefficient  of  expansion  of  all  the  gases  examine 
hydrogen)  increased  with  the  density  or  initial  pressure  of  th 

(4)  That  the  coefficients  of  the  several  gases  approach  ec 
the  pressure  of  the  gas  decreases — that  is,  when  the  gas  is  ti 
highly  rarefied  condition. 

The^e  conclusions  imply  that  all  gases  do  not  obey  Bo 
with  the  same  degree  of  accuracy,  but  that  when  they  are 
low  pressures  and  high  temperatures,  or  in  a  highly  rarefi 
their  obedience  to  the  law  becomes  more  and  more  exact.' 

'  Tlic  mean  coafficieut  found  by  llalfour  SteB-«rt  {Phil.  Trans.,  18fl 
was  000.38728.  The  method  emjUojwl  was  aimiUr  to  thit  adopted  b; 
and  liMil  by  Ruipiaalt,  but  Bbaiidoninl  for  the  form  of  nppanitus  ii 
The  luaiiuiiiuter  tiibea  dipjed  iutu  a  closed  reserroir  of  mercury  fumisl 
scn^w  plunger,  by  nieaiis  of  wliich  the  mercury  could  be  forced  into  the 
the  level  kejit  at  the  RxeJ  nmik. 

Tho  following  numerical  .'oclfioiputs  were  obtained  by  Eegnault  for  I 
gas  thermometers ; — 

Air  thermometer  uormal       272'85  =  ('0038B5)-" 
410  mm.  presaui-o     ,,  272-88  =  (-0036632)-' 

1460  uim.  [u-essmv  „  272-70  =  C0O3867)-' 

CLl.i,iH64  mm.  271  59  =  (-003882)-' 

,,     „  741111111.  :i;0lH  =  (-OO3695)-" 

SOj,  at  588  mm.  -283-6   =C0O37f>4)-' 

,,    „  7.11  mm.  281-4   =C003825)-' 

In  the  case  of  hydrogen,  Kuguault  status  that  the  eoclficient  used  waa  ( 
=  273'82.  Thia.  as  Lord  Kelvin  [loints  out  must  be  a  mistake,  as  the 
of  dilatatioti  of  bydrogi'ii  u'aa  found  to  be  '0036678  at  constant  vol 
■00U6'J13  at  coTiHtimt  pressure  {l:el<ilioii  ■Irs  Exp.,  tom.  i.  pp.  78,  80,  81, 
nnil  he  iiowhen-  Kiids  aar  ^iiiHlh'r  value  than  -003861. 
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Three  Principal  Dilatations.  —  In  the  case  of  isotropic  sub- 
he  dilatation,  like  the  other  physical  properties,  is  the  same 
irections,  but  in  crystals  the  expansion  in  any  direction 
on  the  relation  of  that  direction  to  three  mutually  rect- 
axes,  called  the  principal  axes  of  dilatation,  which  are  not 
[y  the  same  as  the  axes  of  symmetry  or  crystallographic  axes. 

general,  crystals  expand  differently  in  different  directions; 
e,  while  expanding  with  rise  of  temperature  in  one  direction, 
in  the  perpendicular  direction.  For  this  reason  a  portion  of 
line  substance  which  is  spherical  at  one  temperature  will  not 
ical  at  any  other,  and  a  cubical  portion  at  one  temperature 
remain  cubical  when  the  temperature  changes, 
nail  bars  be  cut  from  a  crystal  parallel  to  the  dilatation 
3ir  coefficients  of  linear  expansion  will  differ.  The  linear 
t  of  expansion  of  a  bar  cut  parallel  to  one  axis  will  be  A^, 

parallel  to  another  A.^*  ^^^  ^^^^  parallel  to  the  third  A3. 
rs,  therefore,  that  if  a  cube  of  side  Iq  at  zero  be  cut  from  a 
rith  its  edges  parallel  to  the  dilatation  axes  of  the  crystal,  its 
any.  other  temperature  0°  will  be 

8  volume  will  be 

v=/o'(i+M)(i  +  VHi+M)» 

v= Vo(l  +  Xi^)(l  +  V)(I  +  Xs^). 
iicient  of  cubical  dilatation  is  therefore 

a  -     y  ^^^     -  X,  +  X2  +  X3, 

\g  the  products  AjAg,  etc. 

ae  case  of  amorphous  solids  and  crystals  of  the  cubic  system 
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Aj  =  Xj  =  Aj,  and  the  cubical  dilatation  is  three  times  th 
•expansion. 

In  uniuxat  cryBtuls  there  is  an  axis  of  crystalline  sy 
perpendicular  to  which  the  physical  properties  are  alike  In  a 
tions.  If  Aj  be  linear  expansion  parallel  to  this  axis,  then  t 
two  principal  elongations  are  equal,  or  Aj  =  Aj;  therefore  I 
crystals  there  are  only  tn-o  principal  dilatations,  and  the 
dilatation  is 

ISO.  Chaagfl  of  the  Dihedral   Angles  of  Crystals.— 

the  niot^t  noticeable  elfects  of  crystalline  expansion  is  the  ct 
the  dihedral  angles,  that  is  the  angles  between  the  plane  facei 
crystal,  with  change  of  temperature.     Thus  if  ABCD  {Fig.  53 


the  cross  section  of  a  square  prism  of  a  crystalline  substance 
that  the  diagonals  AC  and  6D  of  the  section  are  parallel  to 
the  princiital  jixes ;  then,  when  the  temperature  rises,  AC  ( 
become  elongated  by  difteront  amounts,  and  the  cross  section 
prism  remains  no  longer  stju.ire,  but  changes  into  a  rhombus  A 
The  angles  ;it  A  and  C  become  acute,  while  those  at  B  and  D 
obtuse.  If  two  such  prisma  be  cemented  together  with  tv< 
ill  contact,  ^N'hosc  angles  become  more  obtuse  by  heating 
when  cool  the  two  up[>er  faces  form  one  continuous  plan 
will,  when  hciitetl,  be  inclined  as  shown  in  Fig.  53  (fi),  Exce 
small  inequalities  of  exi>ansion  in  ditferent  directions  i 
detected  in  this  manner  by  observing  through  a  telescope  th 
of  a  distant  object  formed  by  reflection  at  the  polished  surfacei 
combined  j)risms, 

Mitscherlich  seenas  to  have  been  the  first  to  notice  that  i 
expanded    ditl'crently    in    different    directions,    and    his    met! 
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bservation^  consisted  in  determining  the  variations  of  the  dihedral 
ngles  of  crystals  with  change  of  temperature.  The  angles  between 
he  plane  faces  of  a  crystal  may  be  measured  with  great  accuracy  by 
optical  instruments,  such  as  the  reflecting  goniometer,  and  such 
neasurements  are  in  general  more  exact  for  these  investigations  than 
.ny  direct  measurement  of  length.  The  method,  however,  does  not 
;ive  the  absolute  dilatation,  but  only  the  difference  of  the  coefficients  of 
inear  expansion  in  the  direction  of  the  diagonals  of  the  prism. 
)enoting  these  by  A^  and  A^  we  have 

tan  OB' A'  =  ]-'^^^.  =  l+{\-  Xa)^,  approx. , 

md  OB' A'  is  half  the  measured  angle  of  the  rhombus. 

Another  relation  between  the  principle  elongations  is  obtained  by 
neasuring  the  cubical  dilatation.  This  gives  the  sum  Aj  +  Ag  +  A^, 
ind  may  be  determined  by  means  of  the  weight  thermometer.  If 
:he  crystal  is  uniaxal  we  have  Ao  =  A3,  and  these  two  measure- 
ments determine  the  elongations  A^  and  A^.  Mitscherlich  ^  and 
Dulong  determined  the  cubical  dilatation  of  a  number  of  crystals 
by  the  method  of  the  weight  thermometer.  Any  two  other  observa- 
tions combined  with  this  determine .  the  three  quantities  A^,  Ag,  A3. 
A  series  of  experiments  on  this  subject  was  executed  by  Pfaff,^  who 
found  that  Iceland  spar  and  beryl  contract  transversely  with  rise  of 
temperature. 

131.  Linear  Dilatation  in  any  Direction. — So  far  we  have  only 
considered  the  linear  dilatations 
parallel  to  the  principal  axes 
of  dilatation.  The  linear  dila- 
tation in  any  other  direction 
^  be  simply  expressed  in 
terms  of  the  quantities  Aj,  A^, 
^  and  the  angles  a,  ^,  y,  which 
the  direction  makes  with  the 
*xe8  of  reference. 

Let  the  axes  of  reference  >^ 
OX,  OY,  OZ  (Fig.  54)  be  taken 
parallel  to  the  three  principal  axes  of  dilatation,  and  let  the  co- 
onlinates  of  any  point  P  be  x,  y,  z,  at  the  temperature  zero.  The 
Stance  of  P  from  the  origin  is  given  by  the  equation 

r'  =  .H +  ?/•'  +  :-. 

Mitscherlich,  Anji.  de  Chimie  el  de  Physique,  2*-\  torn.  xxv.  p.  108,  1824  ;  torn. 
"Jii-  p.  Ill,  1826.  2  Mitscherliol),  Po<j(j.  Ann.,  vol.  xli. 

^  Pfaff,  Pogg.  Anii.,  vols,  civ.,  cvii.,  1859. 
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At  any  other  temperature  6,  P  will  occupy  a  position  F,  the  co- 
ordinates of  which  are 

{i  +  \e)x,    (i+V)y,    (i+V)2» 

and  the  distance  /  of  P'  from  the  origin  will  be 

or  approximately 

Now,  by  the  expansion,  the  line  OP  becomes  the  line  OP',  and  there- 
fore the  linear  dilatation  in  the  direction  OP,  that  is  of  a  bar  cut 
parallel  to  OP,  is 

^-  re  ' 
But  since  r  4- 1'  is  very  nearly  equal  to  2r,  we  have 

/-y.    /2-ra_Xiar»  +  Xgyg-fX3£» 

or 

X  =  Xjcos^a  +  X.^cos'-^/S  +  X3C08*7, 

where  a,  ^,  y  are  the  angles  which  OP  makes  with  the  axes  of 
reference.  Thus  by  three  measurements  of  X  made  in  any  three 
known  directions,  the  quantities  X^,  k^  X^  can  be  calculated. 

Cor.  1.  The  linear  dilatations.  A',  A",  A'",  in  any  three  mutually 
rectangular  directions  are  such  that  their  sum,  A'  -f  A"  -f  A'",  is  constant, 
and  equal  to  the  cubical  dilatation. 

CoK.  2.   In  a  direction  equally  inclined  to  the  axes  we  have 

and  a  single  measurement  of  A  in  this  direction  gives  the  cubical 
dilatation  a  =  3A. 

Cor.  3.  There  are  an  infinite  number  of  directions  parallel  to 
the  generators  of  the  cone  (when  real) 

along  which  there  is  neither  contraction  nor  expansion. 

This  property  is  possessed  by  certain  classes  of  marble.  Brewster 
suggested  the  use  of  a  rod  of  marble  cut  in  this  direction  as  a  pen- 
dulum of  invariable  length. 

132.  Fizeau's  Optical  Method. — An  optical  method  depending  on 
the  colours  of  thin  plates  was  designed  by  M.  Fizeau  ^  for  the  measure- 
ment of  the  dilatations  of  crystals  and  other  substances,  which  can 

^  Fizeau,   Aim,  dc   Chimk  ct  de  Physique^   4«,   torn,  ii.,   1864  ;  and  torn,  viii- 
J).  .335.  186G. 
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>tained  in  small  fragments.  The  substance  to  be  examined 
ito  a  plate  with  parallel  faces,  and  from  1  to  10  mm.  thick. 
,  P  (Fig.  55),  rested  on  a  plane  metal  disc,  AB,  which  was 
on  three  adjustable  screws  passing  through  it  neai*  the 
nee.  On  the  upper  extremities  of  these  screws  rested  a 
t,  CD,  which  could  be  brought  very  close  to  the  crystalline 
adjusting  the  supporting  screws. 
:  light  fell  perpendicularly  on  the 
,  and  passing  through  was  partially 
t  the  upper  surface  of  the  crystal, 
air  film  between  the  glass  plate 
rystal  is  sufficiently  thin,  coloured 
B  produced,  which  vary  with  the 
of   the   film.i      When   the    tem-  *"'*•  ^• 

rises  the  thickness  of  tlie  crystalline  plate  changes,  as 
ihe  lengths  of  the  screws  supporting  the  glass  plate. 
i  thickness  of  the  air  film  between  the  glass  plate  and 
J  will  change  by  an  amount  equal  to  the  difference  of 
sion  of  the  crystal,  and  the  expansion  of  the  length  of 
^een  the  metal  and  glass  plate.  But  when  the  thickness 
film  changes  the  fringes  are  displaced,  and  from  observation 
splacement  the  change  of  thickness  can  be  calculated,  and 
expansion  of  the  crystal  deduced. 

lis  means  exceedingly  small  changes  of  thickness  can  be 
Thus  in  order  to  displace  Newton^s  rings  through  the 
k  bright  or  dark  band,  a  change  of  thickness  of  the  air  film 
rth  of  a  wave-length  of  light  is  sufficient  For  yellow  light 
length  is  about  0*00059  mm.,  and  a  displacement  of  one- 
band  width  can  be  easily  observed,  so  that  a  change  of 
of  the  air  film  of  less  than  j^Jinr  ^^  *  millimetre  can  be 
Thus  a  plate  of  rock  crystal  5  mm.  thick  dilates  by  about 
millimetre,  when  the  temperature  changes  from  10^  to  50° 
is  would  ^ive  a  displacement  through  nine  entire  fringes, 
ier  to  observe  the  displacement  of  the  fringes,  lines  were 
the  glass,  and  the  position  of  the  fringes  with  respect  to 
Id  be  observed.  The  light  thus  acts  the  part  of  a  most 
nicrometer,  the  only  condition  necessary  being  an  exact 
3  of  the  wave-length  of  the  light  employed. 

sarfaces  were  accurately  plane  and  [Kirallel,  a  beam  of  parallel  light 
;he  apparatus  would  not  produce  fringes,  but  only  a  certain  colour  over 
a  practice,  however,  j>erfectly  piano  surfaces  are  never  realised,  and 
me  sort  are  always  presented. 
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The  whole  apparatua  could  be  placed  in  an  oven,  and  i 
ftt  any  desired  tomperature.  The  expansion  of  the  si 
determined  by  making  observations  without  the  platfl 
between.  The  earlier  forms  of  the  apparatus  were  made  of 
in  the  later  an  alloy  of  platinum  with  -^  of  iridium  waf 
account  of  its  greater  stability  in  all  respects.  If  the  crysta 
is  transparent  its  lower  face  should  be  blackened  to  prevent 
at  that  face,  and  thus  secure  greater  distinctness  of  the  fring 

Pizeau  worked  with  three  equidistant  temperatures— 
70°  C.     Writing  A  and  a  in  the  forms 


40°). 
negative,  and  em 


he  obtained  for  emerald,  which  belongs  to  the  hezi^onal  sya 

\|=  -0-00O001O6  +  OO000O00114(ff-4O°) 
Xj^  +  O-0OOOO)37  +  0-0000000133((l  -  iO') ; 
hence 

a  =  \i  +  2X,  =  0  '00000168  + 

Thus  within  the  range  observed  Aj  i 
tracts  along  this  axis  as  the  temperature  increases.  It  aL 
that  the  cubical  dilatation  a  is  positive  above  the  temperaturi 
and  negative  below  it,  and  consequently  at  this  temperatur 
appears  to  present  a  maximum  density  as  in  the  case  ol 
4°  C     For  diiimond,  which  belongs  to  the  cubic  system, 

o  =  3X  =  0'00000a5J  +  0-0000000i32(e-40°), 
and  a  maximum  density  is  presented  at  the  temperature  -  4 

In  the  case  of  oxide  of  copjwr  (cubic  system) 

a  --  3\  =  0-00000279  +  0'fl00000063(e  -  40°), 

BO  that  a  maxiniuiii  density  is  presented  at  the  temperature 
Iodide  of  silver  exhibited  a  negative  coefiicient  of 
throughout  the  whole  range  of  temperature  employed,  -  10 
Within  these  limits  it  contracts  when  the  temperature 
ex])ands  agiiin  on  cooling.  The  formula  for  o,  however,  p( 
minimum  density  at  the  temperature  -  60"  C. 

[An  improved  foi-m  of  Fizeau's  apparatus  has  been  used 
Tutton '  in  determining  the  expansion  of  crystals  and  also  of 
The  light  was  produced  by  a  Geissler  tube,  the  C  and  i 
hydi'Ogon  and  the  green  line  of  mercury  being  found  mo 
The  cover-gliiss  CD  (Fig.  5r>)  was  slightly  wedge-shaped, 
throw  the  light  reHcctcd  from  the  first  surface  out  of  th 

I    Vl,n.  Trails.,  vol.  c\ci.  p.  313    1898. 
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iew  of  the  observing  telescope,  as  this  light  would  interfere  with  the 
roduction  of  fringes.  The  wedge-shaped  cover-glass  was  corrected 
y  a  similar  wedge-shaped  glass  arranged  above  it,  but  turned  the 
pposite  way.  The  temperature  could  be  raised  to  120°  C.  It  was 
>und  that,  in  order  to  measure  the  temperature  accurately,  the 
lermometer  should  be  in  actual  contact  with  the  tripod  and  not 
lerely  hung  in  the  enclosure.  The  instrument  could  be  arranged  to 
ive  approximately  the  absolute  linear  expansion  of  the  substance,  by 
liminating  the  effect  of  the  expansion  of  the  screws  by  means  of  an 
luminium  compensator.  This  is  a  plate  of  aluminium  of  such  thickness 
lat  its  expansion  is  very  nearly  the  same  as  that  of  the  projecting 
arts  of  the  iridio-platinum  screws.  As  the  expansion  of  aluminium 
;  more  than  double  that  of  iridio-platinum,  when  the  compensator  is 
dd  on  the  table  AB  plenty  of  room  is  left  above  it  for  the  crystal 
)  be  experimented  on.  If  the  crystal  does  not  reflect  well,  the 
3mpensator  may  be  laid  on  it,  and  the  reflecting  surface  of  the 
luminium  used  instead.  The  compensator  does  not,  however,  add 
nything  to  the  accuracy  of  the  instrument.  The  reflecting  surfaces 
eing  nearly  true  planes,  the  fringes  produced  were  nearly  straight 
nd  travelled  across  the  field  of  view  as  the  substance  was  heated. 
L  correction  was  made  for  the  change  in  refractive  index  of  air  on 
eating.] 


CHAPTER   IV 


CALORIMETRY 


INTRODUCTORY 

The  General  Methods  of  Calorlmetry. — The  measuremGnt 
ities  of  heat  by  any  method  has  been  staled  calorimetry,  and 
perhaps  no  department  of  scientific  research  in  which  experi- 
kill  is  more  consuntly  and  severely  tested.  In  such  measure- 
i  require  no  knowledge  of  the  ultimate  nature  of  heat,  whether 
uid  or  an  action,  either  at  a  distance  or  propagated  through  a 
;  the  estimation  is  simply  baaed  on  the  measurement  of 
tct  attributed  to  heat.  For  this  reason  the  term  "  quantity 
although  introduced  at  a  time  when  heat  was  supposed  to  be 
naay  etill  bo  retained  with  a  certain  definiteness  of  meaning, 
lent  of  any  theory,  just  as  quantities  of  light  and  quantities 
■icity  are  referred  to  with  a  certain  amount  of  intelligibility 
necessarily  implying  a  complete  knowledge  of  the  ultimate 
f  either. 

general  methods  adopted  for  the  measurement  of  quantities 
nay  be  placed  under  two  heads,  depending  on 

Change  of  State,  or  Latent  Heat  Calorimetry. 
Change  of  Temperatiire,  or  Thermometric  Calorimetry. 

t  group  embraces  those  methods  which  are  founded  on  the 
f  solids,  or  the  condensation  of  vapours,  or  on  the  reverse 
ns,  and  includes  the  ice  and  steam  calorimeters.  This  method, 
depends  on  the  latent  heat  of  fusion  or  evaporation,  requires 

ol  fixed  temperatures  only,  and  does  not  necessitate  the 
aent  of  a  thermometer.  The  second  group,  on  the  other  hand, 
a  those  methods  in  which  the  temperatviro  ia  variable,  and  the 
ment  essentially  depends  on  changes  of  temperature.  In  this 
the  estimation  is  reduced  to  the  observation  of  temperatures, 

thermometer  becomes  the  inatniment  of  prime  importance. 
i  reason   it   has  been   termed    thermometric   calorimetry.     It 
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embraces  the  celebrated  method  of  mixtures  so  extensively  employed 
by  Regnault,  and  the  method  of  cooling  which  was  perfected  by 
Dulong  and  Petit. 

^34.  Units  and  Quantities  of  Heat — The  employment  of  these 
two  general  methods  in  calorimetry  has  led  to  the  adoption  of  two 
different  units  of  heat.  In  the  method  of  latent  heat  the  substance 
usually  employed  was  ice,  and  quantities  of  heat  were  measured  by  the 
quantities  of  ice  which  they  melted.  The  unit  of  heat  in  this  system 
was  naturally  the  quantity  of  heat  required  to  convert  unit  weight  of 
ice  (at  the  melting  point)  into  ice-cold  water.  In  the  second  system, 
quantities  of  heat  were  measured  by  the  quantities  of  water  which 
they  raised  through  some  definite  range  of  temperature,  and  the  unit 
chosen  in  this  system  was  that  which  is  now  generally  adopted,  namely 
the  quantity  of  heat  required  to  raise  unit  weight  of  pure  water  one 
degree  in  temperature.  When  the  unit  of  weight  is  taken  as  one 
gramme,  and  the  degree  centigrade  as  the  interval  of  temperature,  the 
unit  of  heat  may  be  termed  a  caloiie,  and  it  is  in  terms  of  this  unit 
that  quantities  of  heat  are  now  chiefly  expressed.  The  first  unit  is 
about  eighty  times  as  large  as  this,  or  the  quantity  of  heat  required  to 
liquefy  any  mass  of  ice  without  raising  its  temperature  would  raise  the 
temperature  of  a  mass  of  water  eighty  times  as  great  through  one  degree 
centigrade.  It  is  in  this  sense  that  the  latent  heat  of  ice  is  said  to 
be  80. 

A  third  method  of  obtaining  equal  quantities  of  heat,  or  any 
multiple  of  a  quantity,  is  by  means  of  a  steady  flame,  or  any  body 
maintained  in  a  state  of  steady  incandescence,  or  by  a  wire  kept  at » 
steady  temperature  by  means  of  an  electric  current.  Thus  a  certain 
quantity  of  heat  will  be  developed  by  the  combustion  ^  of  a  granun® 
of  hydrogen  in  oxygen,  and  n  times  as  much  will  be  produced  by  the 

^  If  equal  quantities  of  lieat  be  given  to  equal  masses  of  two  substances  thfir 
specific  heats  will  be  inversely  as  tlie  corresponding  changes  of  temperature.   '^^ 
electric  method  was  employed  by  Joule,  and  the  combustion  method  was  used  dJ 
Black,  but  soon  abandoned  on  account  of  its  many  sources  of  inaccuracy.    It  w»*» 
however,  more  recently  used  by  Thomsen  {JouniaJ  dc  Physiquef  torn.  i.  p.  35)witi^ 
greater  success.     (Hirn's  method  is  mentioned  below,  p.  327.)     Thomsen  operat<K» 
with  about  a  litre  of  liquid  placed  in  a  calorimeter,  which  was  heated  centrally  "J 
the  combustion  of  a  certain  mass  of  hydrogen,  which  was  the  same  in  all  experiments' 
He  commenced  each  experiment  with  the  temperature  of  the  calorimeter  as  muc** 
below  that  of  the  air  as  its  final  temperature  was  above  it.     Marignac  employed  * 
large-bulbed  thermometer  filled  with  water  as  heater  (Hirn's  method),  and  eliminate" 
the  radiation  correction  by  varying  the  mass  of  liquid  in  the  calorimeter,  so  that  tn* 
final  temperature  was  the  same  in  all  experiments,  and  the  same  as  that  attained  ^5 
a  known  quantity  of  water  in  another  experiment.     The  quantity  of  heat  supplJ^ 
being  the  same  in  all  cases,  it  followed  that  the  specific  heats  of  the  various  so^* 
stances  were  inversely  as  the  masses.     For  if  Q  be  the  quantity  of  heat  supplied  i" 
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ombostion  of  n  grammes  under  the  same  conditions.  This  method, 
owever,  suffers  from  many  imperfections,  and  is  difficiJt  to  work 
dth,  besides  requiring  for  accuracy  many  precautions  and  auxiliary 
speriments. 

The  convenience  of  the  calorie  arises  partly  from  the  comparative 
icility  with  which  pure  water  can  be  procured,  and  from  the  fact 
lat  sensibly  the  same  quantity  of  heat  is  required  to  raise  the 
imperature  of  a  given  mass  of  water  one  degree  at  any  temperature 
etween  the  freezing  and  boiling  point&  This  property  of  water 
lost  be  tested  by  mixing  equal  masses,  or  known  masses,  of  water  at 
ifferent  temperatures,  and  observing  the  resulting  temperature  of 
le  mixture.  If  equal  masses  at  temperatures  6  and  ff  be  mixed, 
nd  if  the  same  quantity  of  heat  is  required  to  raise  the  temperature 
i  each  one  degree  at  all  parts  of  the  scale,  then  the  temperature  of 
le  mixture  will  be  the  arithmetic  mean  of  6  and  ff,  that  is  \(6  ■\-  ff). 
i  the  temperature  of  the  mixture  differs  from  this  when  all  correc- 
ions  are  allowed  for,  it  is  to  be  concluded  that  the  quantity  of  heat 
equired  to  raise  the  temperature  of  the  mass  one  degree  is  not  the 
ame  at  all  temperatures,  or,  in  other  words,  the  thermal  capacity 
Art.  23)  of  the  mass  varies  with  the  temperature. 

If  the  unit  of  heat  is  definitely  chosen  as  the  quantity  of  heat  Specific 
which  will  raise  the  temperature  of  one  gramme  of  water  from  19"^ '5  to  ^^^^ 
20*^5  C,  then  a  quantity  Q  of  heat  is  that  which  will  raise  the  tempera- 
ture of  Q  grammes  of  water  through  the  same  interval,  and  not  the 
quantity  which  will  raise  the  temperature  of  one  gramme  of  water  Q° 
C.  The  latter  quantity  will  be  the  same  as  the  former  only  if  water 
happens  to  possess  the  same  thermal  capacity  at  all  temperatures. 
The  most  recent  investigations  on  this  subject  show  that  the  thermal 
capacity  of  water  is  not  exactly  constant,  but  diminishes  slightly  from 
^fo  to  about  40°  C,  and  then  gradually  increases  again.  It  thus 
exhibits  a  minimum  value  at  about  40°  C.  The  variation  is,  however, 
Vftry  small,  and  consequently  we  shall  hereafter  speak  generally  of 
^ater  as  if  its  thermal  capacity  remained  constant  at  all  ordinary 
^^peratures,  and  with  this  license  we  can  say  that  the  quantity  of 

^^  case  by  the  heater,  R  the  quantity  lost  by  radiation,  and  0  the  change  of 
^''iperature,  wc  hare  for  masses  m  and  ?»' — 

Q-R  =  ?rt»^  =  ?nV^, 
or 

s      m 
s  ~ni' 

^  fwnlts  obtained  by  Thomsen  and  Marignac  by  these  methods  agree  remarkably 
»ell. 
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heat  required  to  raise  the  temperature  of  m  grammes  of  water  from 
^  to  6^  is 

Q  =  m{0'  -  e\ 

and  this  assumes  that  the  specific  heat  of  water  is  unity  between  the 
temperatures  0  and  ff. 

In  most  cases  in  which  quantities  of  heat  are  measured  it  is 
assumed  that  in  the  interchange  of  heat  between  two  bodies  the 
quantity  of  heat  which  one  loses  is  the  same  as  the  quantity  which 
the  other  gains.  No  third  body  is  supposed  to  take  part  in  the  opera- 
tion, and  heat  is  supposed  not  to  be  developed  or  destroyed  by 
chemical  or  other  actions  between  the  bodies.  Thus  if  two  bodies 
A  and  B  at  different  temperatures  are  simultaneously  immersed  in  a 
known  weight  of  water,  they  raise  its  temperature  by  a  certain 
cimount,  and  it  is  found  that  the  final  temperature  of  the  water  is 
the  same  if  A  and  B  are  first  brought  into  contact,  so  as  to  come  to 
the  same  temperature  before  immersion.  In  the  first  case  the  heat 
is  directly  transferred  from  A  and  B  to  the  water ;  in  the  second 
case  some  of  the  heat  passes  from  A  (supposed  the  warmer)  to  B 
before  immersion,  and  is  afterwards  transferred  to  the  water ;  finally, 
however,  the  whole  quantity  received  by  the  water  is  the  same  in 
the  two  cases. 

The  final  admission  is,  that  if  a  body  absorbs  a  quantity  Q  of  heat 
in  changing  its  temperature  from  ^  to  ^'  under  given  conditions,  then 
during  the  reverse  process,  during  the  passage  of  the  body  back  again 
from  0'  to  0  under  exactly  the  same  conditions,  the  same  quantity  Q 
of  heat  will  be  evolved  by  the  same  body.  If  this  were  not  so,  a  body, 
when  alternately  heated  and  cooled  under  the  same  conditions,  would 
act  perpetually  as  a  source  or  sink  of  heat,  and  the  principle  of  the 
conservation  of  energy  would  be  violated.  To  the  calorists,  who 
regarded  heat  as  an  indestructible  fluid,  this  equality  appeared  self- 
evident,  and  was  accordingly  tacitly  assumed.  From  the  point  of  vie«f 
of  the  dynamical  theory,  however,  heat  may  be  called  into  existence 
by  mechanical  actions,  and  it  is  not  the  quantity  of  heat,  but  the 
quantity  of  energy  in  a  system  that  is  conserved.  Hence  it  does  not 
necess^irily  follow  that  a  body  will  absorb  the  same  quantity  of  heat 
in  passing  from  one  state  A  to  another  B  as  it  will  evolve  in  returning 
from  B  to  A.  If,  however,  it  passes  back  again  from  B  to  A  in  tu^ 
reverse  order,  through  exactly  the  same  series  of  states  and  under 
exactly  the  same  conditions  as  during  its  passage  from  A  to  B,  ^^^ 
quantity  absorbed  will  be  equal  to  that  evolved.  The  consideration 
of  such  transformations  will  be  more  fully  entered  into  in  Chap.  VU*- 
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l^JAb.  Specific  Heat. — The  specific  heat  of  a  substance  has  been 
already  defined  (Art.  23)  as  its  thermal  capacity  per  unit  mass,  or,  in 
other  words,  the  ratio  of  the  quantity  of  heat  required  to  raise  the 
temperature  of  a  given  weight  of  it  by  a  given  amount  to  the  quantity 
necessary  to  raise  the  temperature  of  an  equal  weight  of  water  by  the 
same  amount.  Now,  since  the  unit  of  heat  is  taken  to  be  the  quantity 
which  raises  the  temperature  of  one  gramme  of  water  1°  C,  it  follows 
that  the  quantity  which  will  raise  the  temperature  of  a  gramme  from 
^  to  ^'  will  be  simply  0"  -  0 ;  and  consequently  if  a  quantity  Q  raises 
the  temperature  of  one  gramme  of  any  substance  from  6  to  6\  the 
specific  heat  of  the  substance  will  be,  by  definition, 

Q 


e'-0' 

In  this  case  s  is  the  mean  specific  heat  of  the  substance  between  0  and 
0" ;  and  if  we  wish  to  speak  of  the  specific  heat  of  a  substance  at  any 
temperature  0,  we  must  take  0"  infinitely  near  $.  Denoting  the 
infinitesimal  difference  ^  -  ^  by  dS,  and  the  corresponding  quantity  of 
heat  by  c?Q,  we  have 

That  is,  the  specific  heat  of  any  substance  at  the  temperature  8  is  the 
ratio  of  the  quantity  of  heat  d(^  required  to  change  the  temperature  of 
unit  mass  by  an  amount  dS  to  the  change  of  temperature  dO. 

In  general,  when  the  specific  heat  of  any  substance  is  spoken  of.  Cose  of 
the  conditions  under  which  the  change  of  temperature  occurs  should  ^^^^' 
be  distinctly  specified,  for  the  temperature  of  a  body  may  be  varied 
by  mechanical  actions  alone.  Thus,  the  temperature  of  a  gas  may  be 
raised  by  compression,  so  that  here  we  have  c?Q  equal  to  zero,  while 
do  does  not  vanish,  and  the  specific  heat  would  appear  to  be  zero.  On 
the  other  hand,  a  finite  quantity  of  heat  may  be  given  to  a  gas,  while 
at  the  same  time  it  is  allowoA  to  expand  so  as  to  remain  at  a  fixed 
temperature.  In  this  case  dS  vanishes  and  rfQ  does  not,  so  that  the 
specific  heat  is  infinite.  The  expansion  of  the  gas  might  also  be 
permitted  to  proceed  so  far  that,  although  heat  is  actually  given  to  it, 
yet  its  temperature  will  be  lowered,  that  is,  dO  will  be  negative,  and 
the  specific  heat  may  thus  have  any  negative  value.  It  thus  appears 
that  the  specific  heat  of  a  gas  may  have  any  value  between  +  oo  and 
-  Qo  ,  according  to  the  conditions  under  which  the  heat  is  communicated. 
To  speak  with  definiteness,  therefore,  of  the  specific  heat  of  a  gas,  it  is 
necessary  to  assign  the  conditions  under  which  the  temperature  changes. 
For  example,  we  may  speak  of  the  specific  heat  under  constant  pressure, 
or  at  constant  volume. 
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In  the  case  of  liquids  and  solids,  the  compressibility  is  so  small  that 
under  the  conditions  of  all  ordinary  experiments  changes  of  volume 
need  not  be  taken  into  account,  and  we  are  not  complicated  with  a 
multiplicity  of  specific  heats,  as  in  the  case  of  a  gas.  Each  liquid  and 
solid  may  therefore  be  said  to  have  a  definite  specific  heat  at  each 
temperature ;  but  the  specific  heat  of  each  substance  is  not  the  same 
at  all  temperatures.  As  a  general  rule  it  may  be  said  that  the  specific 
heat  of  a  solid  or  liquid  increases  with  the  temperature. 

Setting  out  with  a  solid,  say  at  zero,  the  relation  between  the 
quantity  of  heat  supplied  to  it,  and  the  corresponding  elevation  of 
temperature,  is  roughly  shown  by  Fig.  56.  Measuring  temperature 
parallel  to  the  axis  of  OX,  and  quantities  of  heat  parallel  to  OY,  the 
ordinate  of  any  point  on  the  cui'\'e  OA  represents  the  quantity  of  heat 


j^Oas^E 


Fi},'.  .W. 


given  to  the  solid  in  raising  its  temperature  from  zero  to  that  repre- 
sented by  the  corresponding  abscissa.  If  the  specific  heat  were  constant, 
OA  would  be  a  right  line,  and  the  tangent  of  the  angle  which  it  makes 
with  OX  \vould  represent  the  specific  heat.  If,  however,  the  specific 
heat  increases  ^vith  the  temperature,  QA  will  be  convex  towards  the 
axis  of  ;r,  and  the  trigonometrical  tangent  of  the  angle  which  the 
tangent  to  OA  at  any  point  makes  with  OX  will  be  the  specific  heat 
(IQIilO  at  the  temperature  corresponding  to  that  point. 

At  the  point  A,  fusion  is  supposed  to  begin,  and  a  certain  quantity 
of  heat  (the  latent  heat  of  fusion),  represented  by  the  vertical  lin^ 
AB,  is  communicated  to  the  body  without  any  change  of  temperature. 
At  B  liquefaction  is  complete,  and  the  curve  BC  applies  to  the  liquid 
in  the  same  manner  as  OA  does  to  the  solid.  Similarly,  CD  represents 
the  latent  heat  of  vaporisation,  and  DE  applies  to  the  vapour  under 
some  definite  conditions  of  pressure  and  volume. 

In  the  foregoing,  the  comparison  has  been  made  between  equal 

a.ss  and  masscs  of  (lifierent  substances,  and  this  may  therefore  be  referred  to 

^""^'*     as  the  nufss  specific  heat.     If  the  comparison  had  been  made  between 


T.  136  INTRODUCTION  TO  CALORIMETRY  239 

ual  volumes,  that  is,  if  the  specific  heat  had  been  taken  to  be  the 
lantity  of  heat  required  to  raise  the  temperature  of  unit  volume  of 
e  substance  1^  C,  this  might  be  termed  the  volume  specific  heat, 
le  relation  between  the  two  is  very  simple.  For  if  a  quantity  Q  of 
at  raises  the  temperature  of  a  mass  m  through  0°,  then 

d  if  the  same  quantity  raises  a  volume  v  through  $",  we  have 

lere  s'  is  the  volume  specific  heat  and  v  is  the  volume  of  the  mass 
Hence 

,      m 
s  =s — =«p, 

V 

here  p  is  the  density  of  the  substance  referred  to  water. 

136.  Absolute  Specific  Heat — The  ordinary  specific  heat  of  a 
ibstance  has  been  defined  as  the  quantity  of  heat  required  to  increase 
le  temperature  of  unit  mass  of  the  substance  I''  C,  under  given 
Dnditions.  In  general,  this  quantity  of  heat  will  be  expended  in 
iveral  ways.  If  the  body  expands,  work  will  be  done  against  the 
sternal  pressure.  This  is  termed  the  external  work,  and  an 
quiyalent  quantity  of  heat  will  be  spent  in  performing  it.  Dunng 
^e  dilatation  the  molecules  will  be  separated  farther  apart,  and  work 
'^1  be  done  against  their  mutual  attraction.  This  may  be  termed  the 
eternal  work.  The  remainder  of  the  heat  will  be  spent  in  increasing 
he  energy  of  motion  of  the  molecules ;  and  this  may  be  divided  into 
^iree  parts — the  energy  of  translation,  the  energy  of  rotation,  and  the 
Uergy  of  relative  motion  of  parts  of  the  molecule.  These  three  parts 
^ay  be  related  to  each  other  in  any  way,  but  it  is  generally  considered 
^  the  dynamical  theory  that  they  are  proportional  to  each  other,  so 
^t  if  E  denotes  the  mean  energy  of  translation  of  a  molecule,  the 
'^ean  energy  of  rotation  will  be  aE,  and  the  mean  energy  of  vibration 
E.  Thus,  when  one  of  these  vanishes,  each  of  the  others  vanishes 
'Iso,  and  the  molecule  comes  to  rest  (see  Art.  57). 

Now,  if  heat  be  due  to  waves  in  the  ether,  it  will  be  caused  by  the 
ibrations  of  the  molecules,  and  consequently  it  will  be  the  change  of 
*^e  energy  of  vibration  that  will  determine  the  change  of  temperature, 
'^rihis  reason  the  quantity  of  heat  (or  work)  spent  in  changing  the 
■^^n  energy  of  vibration  of  the  molecules  per  unit  mass  wliile  the 
^^perature  increases  l""  C,  is  termed  the  absolute  specific  heat  of  the 
ibstance.  It  is  obviously  less  than  the  ordinary  specific  heat  by  the 
^^tity  of  heat  spent,  during  the  same  change  of  temperature,  in  doing 
^e  external  and  internal  work,  and  in  increasing  the  mean  energies 
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of  translation  and  rotation  of  the  molecules.  At  present,  however,  we 
have  little  definite  knowledge  as  to  the  mode  of  partition  of  the  energy 
between  the  different  forms  of  motion,  or  of  the  amount  of  internal 
work  done  against  molecular  attraction,  so  that  the  term  absolute 
specific  heat  remains  so  far  only  as  a  name. 
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SECTION   11 

THE   METHOD   OF    UELTING    ICE 

;,A87.   Black's  lee  Calorimeter. — The  earliest  form  of  ice  calorimeter 
a  that  devised  by  Black,     It  coosiswd  merely  of  a  block  of  pure  ice, 
e  from  bubbles,  in  which  a  cavity  {Fig.  57)  was  hollowed  out     The 
mth  of  this  cavity  was  covered  over  by  another  slab 
ice,   BO  that  a  chamber  was  obtained,  which   was 
closed  on  all  Bides  by  ice  at  the  melting  point. 

In  making  an  experiment,  a  known  weight  of  the 
^stance  under  examination  was  heated  to  some 
Bnite  temperature,  say  the  boiling  point  of  water. 
e  ice  chamber  was  then  carefully  dried  with  a 
>nge  or  blotting-paper,  so  that  no  water  was  left  adhering  to  its 
lis.  The  heated  body  was  then  quickly  placed  within,  and  the 
per  slab  laid  over  the  mouth  of  the  chamber.  The  body  quickly 
1  to  the  temperature  of  melting  ice,  and  a  certain  quantity  of  ice 
»  hquefied.  This  quantity  was  estimated  by  wiping  dry  the  whole 
«rior  of  the  cavity,  as  weli  as  the  surface  of  the  body,  with  a  cold 
iinge  (or  blotting-paper),  which  had  been  previously  weighed.  The 
^tease  of  weight  gave  the  quantity  of  water  absorbed — that  is,  the 
ub  of  ice  melted. 

If  the  unit  of  heat  be  taken  as  that  which  melts  unit  mass  of  ice  at 
ro,  then  the  quantity  of  heat  given  out  by  the  body  in  this  experi. 
«nt  vill  be  numerically  the  same  as  the  mass  of  ice  melted,  that  is 
•  suppose.  But  if  the  initial  temperature  of  the  body  be  ff,  its  final 
-ttperature  0°,  its  mass  m,  and  its  specific  heat  s,  the  quantity  of  heat 
>Ten  out  will  be  ms6.     Consequently  we  have  the  equation 

'otK  m  and  lo  are  expressed  in  the  same  units.      Expressed  in  ordinary 
"Uto  of  heat  (calories)  the  equation  would  be 

*'■'*«  L  is  the  latent  heat  of  ice,  or  the  quantity,  expressed  in  calories, 
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which  will  melt  a  (p-amme  of  ice  (  =  7d'35).  If  the  value  of  L,  which  atj 
be  called  the  constant  of  the  calorimeter,  be  not  known,  an  experimenl 
will  be  necessary  in  order  to  determine  it.  This  may  be  efTected  bf 
introducing  into  the  ice-chamber  a  weighed  quantity  of  water  at  a  knovn 
temperature,  and  finding  as  before  the  quantity  of  ice  melted. 

The  chief  objection  to  this  apparatus  is  the  difficulty  of  procoring 
large  pieces  of  ice  of  sufficient  purity. 

138.  Lavoisier  and  Laplace's  Ice  Calorimeter. — A  modified  fwn 

of  Black's  calorimeter  was  devised  by  M>L  Lavoisier  and  Laplace,'  in 

which  the  necessity  for  large  blocks  of  pure  ice  is  avoided.     It  consists 

easentiallj'  of  three  cham1>ers  (Fig.. 58)  contained  one  within  the  other. 

The  inner  chamber  AB  contains  tbe 

hot    body    whose    specific    heat  a 

<lesired.     This  chamber  is  surrounded 

by  another,  and  the  space  C  between 

them  is  packed  with  broken  ice  >t 

zero.      A   tube    P  leads    from  this 

chamber   and    drains    off  the  mter 

resulting  from  the  melting  of  the  icS' 

This     water     is    weighed    and    tlH 

specific    heat    of    the    Bubstanca   ii 

estimated   as  before.      In  order  to 

avoid  beating  from  outride,  a  juket 

of  ice   DDD   surrounds   the  second 

chamber.        For    this    purpose,    th* 

space   between   the   second  chamber 

^'  "^  and  the  outside  walls  of  the  iiuWi- 

[jiv.)i-i«:ii,,i  iju!h,v'''-i[w(-;.iuriiiiHi,.,       HieHt  is  filled  with  broken  ice,  a*' 

aa  the  ice  is  melted  in  this  chunbef 

by   r.-Kliatioii    fi'om    outside,    the    wiiter   drips    away   by    the  tap  E- 

When  the  apiKinitus  is  in  proper  condition  for  an  experiment,  tbw* 

should  be  no  How  from  the  tap  F,  but  a  constant  drip  from  the  U|)  t- 

It  now  (I  hot  biidy  is  pliiced  in  the  chamber  A,  its  heat  will  begii'^" 

out   to   melt   the   ice   in  C,    causing  a  corresponding  flow  of  w****^ 

This  ajiiwiratns  reijtiirea  a  large  quantity  of  ice,  and  large  mn^ 
of  the  substance  under  cxitminatiou,  and  consequently  a  long  time  ■<"' 
the  execution  of  an  experiment,  and  the  trifling  advantage  it  poMW*** 
over  Black's  simple  apparatus  in  not  requiring  the  use  of  large  H'**' 
of  pure  ii:e  is  more  than  counterbalanced  by  difficulties  of  the  grave* 
nature  in  estimating  the  quantity  of  ice  melted.  This  arises  fromw* 
'  ifini'iira  de  VAcadimi',  1780  ;  (EuiTtii  ilc  Latoitirr,  torn.  ii.  p.  283. 


THE  METHOD  OP  MELTING  ICE 


243 


iter  adhering  to  the  ice,  and  remaining  in  the  interstices  between  the 
igments.  At  the  beginning  of  the  experiment,  the  ice  is  mixed  with 
certain  quantity  of  adhering  water,  which  in  all  probability  will  be 
nsiderably  different  at  the  end  of  the  experiment,  for  during  the 
periment  the  size  and  arrangement  of  some  of  the  ice  fragments  will 
ber.  Hence  the  quantity  of  water  which  drains  off  through  the  tap 
during  the  experiment  does  not  accurately  represent  the  quantity  of 
3  melt«d,  nor  have  we  any  means  of  estimating  the  probable  error 
aa  introduced 

In  the  hands  of  Lavoisier  and  Laplace  this  instrument  yielded 
ir  results,  but  with  less  scientific  and  careful  experimenters  the 
Ihesion  of  the  water  to  the  ice  might  easily  lead  to  great  inaccuracies. 
I  order  to  avoid  this  difltculty,  Sir  John  Herschel  suggested  that  the 
ater  should  not  be  drained  off,  but  that  it  and  the  ice  should  be  kept 
igether,  and  the  whole  biUk  measured  before  and  after  melting, 
be  diminution  of  bulk  would  thus  give  the  quantity  of  ice  melted 
iring  the  experiment.  An  ingenious  method  of  measuring  this 
lange  of  volume  has  been  devised  by  Bunsen'  in  his  ice  calorimeter, 
n  instrument  possessing  many  novel  features  of  remarkable  beauty 
nd  interest.  It  is  particularly  valuable  for  measuring  small  quanti- 
iee  of  heat,  and  by  means  of  it  Professor  Bunsen  has  determined  the 
peciRc  heats  of  rare  metals,  such  as  indium,  which  can  only  be 
tbtaiued  in  small  quantities.  It  is, 
tawever,  by  no  means  easy  to  work 
■ilh,  and  the  theoretical  conditions 
which  are  supposed  to  be  fulfilled  are 
difficult  to  realise  in  practice. 

1S9.  Bunsen's  Ice  Calorimeter. — 
As  already  stated,  this  apparatus  is 
designed  especially  for    the    measure- 

•nent  of  the  change  of  volume  which 

"Klin  during  the  liquefaction  of  ice. 

'w  this  purpose  a  cylindrical  test-tube 

A  i*  fused   into  a   larger  cylindrical 

kW  bulb  B,  as  shown    in    Fig.   .59. 

Ilw  bulb  B  is  furnished  with  a  glass 

"en  CD,  which  terminates  in  an  iron 

«""  D.      This  stem   is   filled   with  "-"'• 

I""*  boiled  mercury,  which  also  occupies  the  bulb  to  the  level  ,8.     The 

"^msiiHjer  of  the  bulb  above  li  is  Riled  with  pui-e  boiled  water.     A 
U  ft  lit  I'hijs. ,  3',  toiii.  xxiii.  ji.  50  ;  Fhit. 
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calibrated  narrow  glass  tube  S,  furnished  with  a  millimetre  scale,  ii 
fitted  into  tt  cork  with  fine  eealing-wax,  and  then  passed  through  the 
mercury  in  the  collar  D,  and  made  fast  in  the  mouth  of  the  tube  CD, 
so  that  it  )>ecomes  filled  with  mercury ;  and  by  adjusting  the  cork  in 
the  mouth  of  the  tube  CD,  the  extremity  of  the  meroury  column  in  the 
scale-tube  S  can  be  placed  at  any  convenient  point.  To  effect  thii 
without  risk  to  the  fragile  apparatus,  the  instrument  is  supported  bf 
the  iron  collar  D  in  a  vice. 

In  conducting  an  experiment,  the  first  operation  is  to  freeze  bodm 
of  the  water  in  the  bulb  B.  For  this  purpose  the  ice-produciii| 
apparatus  shown  in  Fig.  60  was  employed  by  Bunsen.  F  and  G 
are  two  semi-cylindrical  tin-plate 
vessels,  which  are  connected  bv 
tubes  with  the  test-tube  A  of  the 
calorimeter,  as  shown  in  figure. 
The  vessels  F  and  G  coDtsin 
alcohol,  and  are  both  placed  in  » 
freezing  mixture.  By  suction  tie 
cold  alcohol  can  be  passed  to 
and  fro  from  F  to  G  through  tbe 
calorimeter  tube  A,  and  by  tia> 
means  the  water  in  the  bulb  B 
can   be  reduced    to   the  freezing 

The   temperature  of   the  air- 
freed  water  in  B  must  be  rediicw 
far  below  the  normal  freezing  poin' 
lieforc  solidification  sets  in,  while 
cred  with  a  coating  of  ice,  depoatw 
At  last,  when  the  teraperauire 
1     I      f  rniation  of  ice  suddenly  begins,  W^ 
d    f         h    bottom  of  the  lube  A  to  the  wp "' 
h       1  the  bulb  is  filled  with  thin  pUW* 

f  he  bottom  of  A  to  the  level  of  the 

t  fro/en.     By  continued  cooling  * 
be  gn  d     Uj  formed  around  A,  from  6  to  lO  nu"- 
f    h     low  temperature  of  the  alcohol,  tn« 
1  if  the  inetniment  is  now  packed  m 
^  f  cezing  will  take  place  in  the  »'»'*r 

f        1    hilt  in  this  manner  about  2  grsmme* 
h       mporature  of  melting  snow  duriii)C  ^^^ 
I    h        h      ]»i'ogre88ive  freezing  was  sensible  '*"' 


phet 


h    1    1    B      W     \ 


RT.  139  THE  METHOD  OF  MELTING  ICE  245 

14  hours.  After  this  time  the  whole  apparatus  had  come  to  zero, 
nd  the  freezing  ceased. 

In  making  an  experiment,  the  instrument  is  packed  in  pure  snow, 
nd  some  pure  water  is  placed  in  the  tube  A.  The  temperature  of 
\ie  whole  apparatus  is  now  zero,  and  it  may  be  maintained  in  this 
ondition  for  a  week  or  more  if  some  fresh  snow  is  added  from  day  to 
ay.  It  is  very  important  that  the  snow  should  be  quite  pure,  for  if 
;  contains  even  traces  of  impurities  its  melting  point  is  lowered,  and 
slow  progressive  freezing  of  the  water  in  the  bulb  takes  place. ^  It 
I  also  well  to  work  in  a  room  which  is  at  a  temperature  not  much 
bove  the  freezing  point,  and  before  the  instrument  has  assumed  the 
onstant  temperature  of  the  snow  it  is  necessary  to  see  that  a  thin 
lyer  of  water  is  formed  between  the  ice  shell  and  the  sides  of  the 
lass  tube  A,  so  as  to  avoid  inequalities  of  pressure. 

In  order  to  interpret  the  indications  of  the  instrument,  a  known 
(lass  of  water  m,  at  a  definite  temperature  6,  may  be  introduced  into 
be  tube  A.  In  falling  to  zero  this  gives  out  a  quantity  of  heat 
nSy  and  in  consequence  of  the  melting  of  the  ice  the  mercury  in  the 
;abe  S  recedes  through  n  divisions  of  the  scale.  This  gives  the 
relation  between  the  quantity  of  heat  supplied  in  any  experiment  in 
the  tube  A,  and  the  corresponding  recession  of  the  mercury  along  the 
scale  S,  for  if  ^  is  the  quantity  of  heat  corresponding  to  each  division, 
"we  have 

In  determining  the  specific  heat  of  any  substance,  a  fragment  of  it 
is  heated  in  a  steam-jacket,  and  the  test-tube  is  partially  filled  with 
pure  distilled  water.  The  heated  fragment  is  quickly  immersed  in  it, 
*  plug  of  cotton -wool  being  placed  at  the  bottom  of  A  to  prevent 
fracture.  The  water  in  A  is  initially  at  zero,  and  its  lower  strata 
^^®come  warmed  by  the  hot  body ;  but  water  being  denser  for  some 
'aiige  above  zero  than  at  zero,  the  heated  water  remains  at  the 
wttom  of  the  tube,  and  gives  up  its  heat  in  melting  the  ice  in  the 
oulb  B.  If  the  mercury  recedes  through  n  divisions  of  the  scale,  the 
^"Ole  heat  given  up  by  the  body  in  cooling  to  zero  is  n'q.  Hence,  if 
^  be  the  mass  of  the  body  and  ff  its  original  temperature,  its  specific 
^^i  is  given  by  the  equation 

Hence 

_  mn'e 

*  Professor  C.  V.  Boys  found  that  this  effect  was  largely  reduced  when  the  bulb 
**•  provided  with  a  protecting  glass  cover  {PhiL  Mag.,  vol.  xxiv.  p.  214,  1887). 
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In  practice,  the  end  of  the  mercury  column  does  not  remain  stationan*, 
but  may  vary  in  either  direction  by  two  or  three  divisions  per  hour. 
The  error  arising  from  this  variation  is  approximately  proportional  to 
the  time,  and  is  corrected  by  observing  the  motion  of  the  index  for 
half  an  hour  before  and  half  an  hoiu*  after  the  experiment  If  a 
variation  of  n^  scale  divisions  occurs  in  a  time  /j  before  the  experiment 
is  commenced,  and  n^  in  a  time  /g  after  it  is  completed,  the  mean  rate 

of  variation  during  the  experiment  may  be  taken  equal  to  i(?  +  ?)' 

and  this  multiplied  by  the  time  of  the  experiment  gives  the  whole 
correction  to  be  applied  to  the  reading  arising  from  this  cause. 

The  accuracy  of  the  instrument  depends  essentially  on  the  care 
with  which  all  the  air  has  been  expelled  from  the  water  enclosed  by 
the  bulb  B.  In  order  to  secure  this,  the  bulb  is  at  first  about  half- 
filled  with  water,  and  placed  mouth  downwards  over  a  lamp,  so  that 
the  water  can  be  boiled  and  the  air  expelled  through  the  tube  CI). 
During  this  process  the  mouth  of  the  tube  CD,  which  has  not  yet  been 
fitted  with  the  iron  collar,  dips  into  a  vessel  of  boiling  water.  WTien 
the  water  in  the  bulb  has  been  boiled  away  to  about  one-third  of  its 
original  bulk  the  lamp  is  removed,  and  as  the  instrument  cools  the  air- 
free  water  is  siphoned  over  into  it  through  the  tube  CD  from  the  vessel 
into  which  it  dips.  The  instrument  is  now  placed  upright,  and  the 
water  for  the  most  part  siphoned  out  of  the  tube  CD,  which  is  then 
well  dried  by  a  current  of  dry  air,  and  the  iron  collar  is  fastened  on 
with  the  finest  sealing-wax.  The  final  filling-in  of  boiled  mercur}'  is 
done  with  a  aipillary  glass  tube,  so  as  to  avoid  the  remaining  of  any 
air  bubbles  on  the  sides  of  the  tube. 

By  pressing  the  cork  which  carries  the  scale  S  a  little  deeper  into 
the  mouth  of  the  tube  CD,  the  end  of  the  mercury  thread  may  1^ 
l)laced  at  the  same  point  of  the  scale  at  the  beginning  of  each 
experiment,  and  the  same  part  of  the  scale  may  be  used  througliout 
a  series  of  investigations.  Over  a  hundred  experiments  may  be  made 
with  the  same  cylinder  of  ice,  so  that  a  single  freezing  will  suffice  for 
a  week,  if  care  be  taken  to  renew  the  snow  around  the  instrument 
every  night  and  morning. 

From  the  mode  of  standardising  the  instrument,  it  is  clear  that 
no  error  is  introduced  by  an  inaccurate  knowledge  of  the  latent 
heat  of  ice.  Radiation  errors  are  also  entirely  eliminated  by  the 
packing  in  snow,  if  the  tcmpei-ature  of  the  latter  experiences  no 
variation. 

[The  accuracy  attainable  in  Bunsen's  method  of  calorimetry  w 
limited  by  the  fact  that  a  given  specimen  of  water  can  freeze  into  ice 
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of  different  densities.     The  error  due  to  this  cause  would  not,  however, 
exceed  about  1  in  1000.^] 

By  means  of  this  apparatus  the  latent  heat  of  fusion  of  ice  may  be 
estimated  if  the  volume  of  each  division  of  the  scale  tube  be  known, 
and  if  the  expansion  of  water  on  solidifying  at  zero  be  also  known. 
By  this  means  Bunsen  found  the  value  80*025,  while  the  values  found 
by  Kegnault,  Person,  and  Hess,  by  other  methods,  were  79*4,  80*0, 
80*3,  respectively. 

'  J.  H.  Vincent,  Proc,  Roy,  Soc,,  vol.  Ixix.  p.  442,  1902. 
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40.  Preliminary  Considerations. — The  most  prevalent  method  of 
calorimetry  hitherto  employed  has  been  foimded  neither  on  the 
melting  of  ice,  nor  on  the  evaporation  or  condensation  of  a  liquid,  nor 
on  any  principle  of  latent  heat,  but  on  the  measurement  of  heat  by 
the  change  of  the  temperature  of  water.  This  method  passes  under 
the  name  of  the  method  of  mixtures,^  and  since  the  time  of  Regnault 
has  been  regarded  as  the  method  par  excellence  in  the  science  of 
calorimetry. 

Let  us  suppose  that  two  bodies,  A^  and  A^  of  masses  m^  and  m^ 
and  specific  heats  s^  and  s^  are  at  temperatures  ^^  and  6^  If  A^  and 
A.>  are  placed  in  contact,  heat  will  pass  from  one  to  the  other,  and 
a  common  temperature  6  intermediate  between  0^  and  0^  will  be 
attained.  The  quantity  of  heat  lost  hy  A^  will  be  WjSj(6^j  -  6)j  and 
the  quantity  gained  by  Ao  will  be  'ni^^{0  -  0^).  Consequently,  if  the 
only  interchfinge  of  heat  is  between  Aj  and  A.^  that  is,  if  they  neither 
obtain  heat  from  nor  lose  heat  to  other  bodies  during  the  period  of 
equalisation  of  temperature,  the  heat  lost  by  A^  will  be  equal  to  that 
gained  by  A.,,  or 

If  Ao  be  a  mass  of  water,  6*o  will  be  equal  to  unity  by  definition,  and 
the  specific  heat  of  Aj  will  be  given  by  the  equation 

_  Vla(0  -  0.2) 

''-m]{0,-0)' 

In  this  equation  s^  represents  the  mean  specific  heat  of  Aj  between 
the  temperatures  0  and  6y 

It  has  been  supposed  so  far  that  thermal  equilibrium  takes  pl»c^ 
between  Aj  and  A.,  Avithout  loss  or  gain  of  heat,  that  they  neither  pve 
heat  to  nor  receive  heat  from  other  bodies  during  the  period  of  eqn**' 

^  This  method  was  employed  by  Black. 
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isation  of  temperature.  In  practice  it  is  impossible  to  secure  this 
condition  accurately,  and  in  general  there  will  be  interchange  of  heat 
with  other  bodies.  For  this  reason  corrections  must  be  applied,  and 
special  apparatus  adopted,  to  eliminate  or  minimise  such  errors.  The 
whole  science  of  calorimetry  consists  in  the  invention  of  such  apparatus 
and  the  adoption  of  such  precautions  as  will  lead  to  an  accurate 
estimate  of  these  corrections. 

^^41.  The  Water  Calorimeter. — The  principal  piece  of  apparatus 
necessary  for  the  determination  of  specific  heats  by  the  method  of 
mixtures  is  the  water  calorimeter.      This   consists  of  a  cylindrical 
vessel  (Fig.  61)  made  of  very  thin  brass  or  copper  or  silver,  and 
sustained  within  a  somewhat  larger  and 
stronger  vessel  by  non-conducting  supports. 
The    inner    vessel    contains    a    known 
quantity   of   water   in   which    the   body 
under  investigation  is  placed  at  a  known 
temperature,  and  the  change  of  temperature 
of  the  water   is    noted   by  means  of   a 
delicate    thermometer    immersed    in    it, 
which    may   be  observed   at   a   distance 
through  a  telescope.     In  order  to  diminish 
the  loss  of   heat  by  radiation  and  con- 
duction during  this  observation  the  out- 
side of  the  inner  vessel  and  the  inside 
of  the  outer  are  both  carefully  polished. 
By  this  means  the  emissive  power  of  one  and  the  absorbing  power 
of  the  other   are  greatly  reduced.      The  inner  vessel  is  supported 
by  feebly-conducting  threads   EE   stretched  horizontally   across  the 
outer,  and  it  is  maintained  in  its  place  by  wooden  pegs  CC  which  pass 
through  the  walls  of   the  outer   vessel   near  its   mouth,  and   press 
against  it  so  as  to  keep  it  steady. 

[The  method  of  lagging  the  calorimeter  with  cotton-wool  or  other 
^n  conductors,  which  is  often  recommended,  diminishes  the  loss  of 
"Cat  considerably,  but  renders  it  very  uncertain  and  variable,  and 
should  never  be  used  in  work  of  precision.  The  bad  conductors  take 
^  long  to  reach  a  steady  state  that  the  rate  of  loss  of  heat  at  any 
foment  depends  on  the  past  history  more  than  on  the  temperature  of 
the  calorimeter  at  the  moment.  A  more  serious  objection  to  the  use  of 
^ging  of  this  kind  is  the  danger  of  its  absorbing  moisture.  The  least 
trace  of  damp  in  the  lagging,  or  of  moisture  condensed  on  the  surface 
of  the  calorimeter,  may  produce  serious  loss  of  heat  by  evaporation.^] 

'  Eney.  Brit.y  Art.  **  Calorimetry." 


Fig.  61. 
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In  every  investigation  it  is  supposed  that  the  inner  vessel  and 
its  accessories,  sucli  as  the  stirring-rod  and  the  thermometer,  have  all 
the  same  temperature  at  the  beginning  and  also  at  the  end  of  an 
experiment.  Let  us  suppose  that  a  body  of  mass  m,  at  a  temperature 
6,  and  of  specific  heat  s,  is  immersed  in  the  water,  and  let  the  tempera- 
ture of  the  water  rise  in  consequence  from  0-^  to  6^  During  this 
process  not  only  the  water,  but  also  the  metal  of  the  inner  vessel  and 
the  material  of  the  thermometer  and  stirring-rod,  have  been  raised 
from  0^  to  6^  and  their  thermal  capacities  must  therefore  be  taken 
into  account.  In  the  case  of  a  body  of  mass  m^  and  specific  heat^ 
the  quantity  of  heat  necessary  to  raise  its  temperature  1°  C.  is  mjSj, 
and  this  is  numerically  the  same  as  the  mass  of  water  which  the  same 
quantity  of  heat  would  raise  1°  C.  in  temperature.  For  this  reason 
t/tj,«jj  is  termed  the  w^ier  equivalent  of  the  body,  for  it  is  numerically 
equal  to  the  mass  of  water  which  possesses  the  same  thermal  capacity. 
Hence  if  W  be  the  water  equivalent  of  the  calorimeter  and  its 
accessories,  as  well  as  of  the  water  w  contained,  we  have 

where  m^^  m^  m^  refer  to  the  metal  of  the  vessel,  the  mercury  of  the 
thermometer,  and  the  glass  of  the  stirring- rod  and  thermometer 
respectively.^  When  the  temperature  of  the  apparatus  rises  from  ^i 
to  6.r,  the  heat  received  will  be  W(^.,  -  6^\  and  consequently  the 
equation  for  the  specific  heat  of  the  body  immersed  is 

where  R  is  the  correction  arising  from  loss  of  heat  by  radiation  and 
conduction  during  the  period  of  equalisation  of  temperature. 

In  general,  the  terms  in  W  arising  from  the  vessel  and  i^ 
accessories  are  small  compared  with  the  terms  representing  the  wat^r 
enclosed,  so  that  an  imperfect  knowledge  of  .Sj,  s^  s^  will  have  litw^ 
influence  on  the  accuracy  of  the  results.  These  quantities  may,  how- 
ever, be  determined  by  three  preliminary  experiments,  in  which  the 
substance  m  is  taken  to  be  glass,  mercury,  and  brass  (substance  o* 
vessel  A)  respectively.     We  will  then  have  three  equations,  involving 

^  [To  estimate  the  heat  cajvacity  of  the  glass  and  mercury  of  a  thermome^? 
advantage  may  be  taken  of  the  fact  that  the  volume  specific  heats  of  glass  ^ 
mercury  are  practically  the  same  (0  46  per  c.c. )  It  will  osaally  be  sufficient  to 
measure  the  volume  of  the  immersed  portion.  The  simplest  way  to  do  this  is  ^ 
weigh  a  beaker  of  water,  and  then  find  the  increase  in  weight  when  the  thennoin«tef 
is  hung  from  an  extraneous  support  so  as  to  be  immersed  to  the  same  depth  as  in  tb^ 
calorimeter.  The  increase  of  weight  in  grammes  gives  the  submerged  volume  incf* 
(OstwalJ,  Physicn-flu'inicnl  AfensnremenL*!,  Eng.  trans,  by  J.  Walker,  p.  121).] 
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the  three  unknowns,  s^,  s^,  S3,  from  which  they  may  be  determined, 
and  a  complete  knowledge  of  W  obtained. 

It  should  be  noticed  that  the  temperatiu'e  of  the  hot  body 
immersed  in  the  water  will  always  exceed  that  of  the  water,  and  if 
the  substance  happens  to  be  a  bad  conductor  of  heat,  the  average  Bad  con 
temperature  throughout  its  mass  may  considerably  exceed  that  of  the  "*^*°"' 
water,  when  the  latter  reaches  its  maximum  temperature  S^.  For  this 
reason  feebly -conducting  substances  should  be  broken  into  small 
fragments  when  their  specific  heats  are  being  determined. 

M42.  The  Radiation  Correction. — The  equation  of  the  preceding 
article  was  derived  on  the  supposition  that  a  hot  body  at  a  tempera- 
ture 6  was  placed  in  a  mass  of  water  at  a  temperature  ^^,  and  that  a 
common  temperature  $2  was  attained.     What  actually  happens,  how- 
ever, is  somewhat  different.      The  temperature  of   the  water  rises 
gradually  to  a  maximum  6^,      During  this  process  the  water  loses 
heat  by  radiation  and  conduction,  and  gains    heat  from  the  body 
immersed.     When  the  maximum  temperature  On  is  first  attained  the 
immersed  body  is  still  warmer  than  the  water,  and  heat  is  being  lost 
by  the  water  just  as  fast  as  it  is  being  received.     The  temperature 
remains  stationary  as  long  as  exact  compensation  takes  place  in  this 
manner,  and  it  then  begins  to  fall.     Furthernlore,  the  thermometer 
will  always  be  somewhat  behind  the  water  in  it«  indications ;  during 
tbe  period  of  rising  temperature  its  readings  will  be  slightly  too  low, 
and  when  the  temperature  is  falling  they  vnll  be  too  high,  so  that  the 
highest  temperature  of  the  water  will  never  be  exactly  attained  by  the 
thermometer.      The  maximum  temperature  registered  will  therefore 
^  slightly  below  that  actually  attained  by  the  calorimeter,  but  the 
discrepancy  will  be  smaller  the  quicker  the  action  of  the  thermometer. 
The  radiation  correction  is  determined  by  observing  the  rate  at 
Hicb  the  calorimeter  cools  throughout  the  range  of  tempemture  of 
^he  experiment.     If  the  range  of  temperature  be  small  the  radiation 
^y  be  taken  proportional  to  the  difference  of  temperature  between 
the  calorimeter   and    the   surrounding   air,   and  the  whole  loss   by 
^iation  (and  conduction)  will  be  approximately  equal  to  that  which 
^ould  occur  if  the  calorimeter  had   been   at  its  mean  temperature 
*^^i  +  ^2)  throughout  the  whole  time  of  the  experiment,  that  is,  the 
time  of  rising  from  6^  to  B^.     If  the  rate  of  cooling  at  this  mean 
temperature  be  observed,  then,  from  the  known  water  equivalent  W, 
the  quantity  of  heat  lost  per  second  at  this  temperature  will  be  known, 
^od  this  multiplied   by  the  time  of   the  experiment  will    give  the 
correction  R. 

Otherwise  the  interval  between  the  immersion  of  the  hot  body 
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and  the  attainment  of  the  maximum  temperature  6^  may  be  divided 
into  a  series  of  epochs,  /j,  t^  t^  etc.,  at  the  end  of  each  of  which  the 
temperature  of  the  calorimeter  is  noted  and  found  to  be  ^,  ^,  ^', 
etc.  During  the  first  epoch  /j,  the  mean  temperature  is  ^(6^  +  ff), 
and  during  the  second  epoch  t^  the  mean  temperature  is  iiff  +  ff'X 
etc.  Hence  the  heat  lost  during  these  epochs  will  be,  taking  ^^^  to  be 
the  temperature  of  the  air, 

where  A  is  a  constant  to  be  determined  by  observation  of  the  rate  of 
cooling  of  the  calorimeter.  This  loss  of  heat  by  radiation  causes  a 
diminution  of  the  maximum  temperature  6^  which  can  thus  be 
ciilculated,  so  that  if  we  write  R  =  WA^,  the  maximum  temperature 
which  would  have  been  attained  by  the  water  would  have  been 
^2  +  ^Oy  and  the  equation  for  s  becomes 

ms{0  -  02)  =  W(<?2  +  A^  -  «j). 

The  radiation  correction  increases  with  the  difference  of  temperature 
6.2  -  $1,  and  it  is  therefore  well  to  arrange  that  the  mass  of  water 
placed  in  the  calorimeter  shall  be  so  great  that  the  elevation  of 
temperature  shall  not  be  very  considerable.  This,  however,  diminishes 
the  sensitiveness  of  the  operation,  and  to  counterbalance  its  effect  a 
verv  delicate  thermometer  must  be  used, 
iimford's  The    radiation    correction   may    be    practically    eliminated  by  » 

ethod.  method  of  procedure  suggested  by  Rumford.  Thus,  if  the  highest 
temperature  ^2  ^^  ^^^®  calorimeter  be  approximately  known  by  a 
preliminary  experiment,  then  if  the  experiment  be  commenced  by 
having  the  initial  temperature  6^  of  the  calorimeter  as  much  belov? 
that  of  the  air  of  the  chamber  as  Oc,  is  above  it,  heat  will  be  received 
by  the  calorimeter  during  the  first  part  of  the  experiment^  and  ^^ 
he  given  out  during  the  second  ;  the  whole  experiment  is  thus  divided 
into  two  parts,  during  one  of  which  its  temperature  is  lower  thau 
that  of  the  air,  and  during  the  other  higher.  A  complete  compenB*' 
tiou  is  not,  however,  effected  by  this  process.  During  the  first  stage 
the  calorimeter  receives  heat  rapidly  from  the  body  immersed,  and 
during  the  second  much  more  slowly.  For  this  reason  the  first  period 
is  much  shorter  than  the  second,  and  the  quantity  of  heat  received 
from  the  chamber  during  the  first  period  will  be  less  than  that  given 
out  during  the  second. 

To  secure  complete  compensation  by  this  method  it  would  be 
necessary  to  begin  the  experiment  with  the  calorimeter  at  some 
calculated  temperature  below  that  of  the  chamber,  and  such  that  the 
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• 

kl  difference  of  temperature  between  the  chamber  and  the  calori- 
r  is  greater  than  the  final.  It  may  also  happen  that  when  the 
imeter  is  cooled  5°  or  6°  below  the  temperature  of  the  air,  dew 
be  deposited  on  its  surface,  which  will  evaporate  during  the 
riment  as  the  temperature  rises,  and  thus  lead  to  a  diminution  of 
inal  temperature  and  consequent  error  in  the  determination.  For 
»  reasons,  greater  accuracy  is  attained  by  calculating  and  allowing 
be  radiation  error  than  by  attempting  to  eliminate  it  in  this  way. 
method  is  chiefly  useful  in  rough  experiments,  where  it  is  intended 
iglect  the  radiation  correction. 

Another  method  of  avoiding  the  radiation  correction  has  been  Method  of 
nmended  by  M.  N.  Hesehus,^  as  practised  in  the  university  of  St.  st^^tio^^an' 

•'  »  r-  .7  tempera- 

rsburg.  The  principle  of  the  method  consists  in  maintaining  the  ture. 
«rature  of  the  calorimeter  stationary,  and  the  same  as  that  of  the 
in  which  the  experiment  is  made.  This  is  effected  by  adding 
water  gradually  to  the  calorimeter,  so  as  just  tp  counterbalance 
leating  effect  of  the  body  immersed.  A  mixture  of  ice  and  water 
is  a  convenient  supply  of  cold  water  at  a  known  temperature. 
1  the  quantity  of  cold  water  added  the  specific  heat  of  the  body 
arsed  may  be  easily  calculated.  For  let  0  be  the  initial  temperd- 
of  the  body  immersed,  and  $^  that  of  the  calorimeter.  Then, 
I  the  calorimeter  is  kept  at  6^  throughout,  it  follows  that  the  heat 
1  out  by  the  body  immersed  is  ins{6  -  6^),  and  if  M  be  the  mass 
>ld  water  added,  and  6q  its  temperature,  the  heat  gained  by  this 
T  is  M(^^  -  Oq\  80  that 

lay  be  observed  that  in  this  method  the  water  equivalent  of  the 
rimeter  is  eliminated  as  well  as  the  radiation  error.  The  only 
itity  which  it  is  necessary  to  observe  is  the  mass  M  of  cold  water 
mI  to  keep  the  temperature  stationary,  the  temperatures  6,  6^,  0^ 
the  mass  m  of  the  body  immersed  being  supposed  known. 
To  effect  this  in  practice  an  air  calorimeter  was  used.  This  con- 
id  of  a  large-bulbed  air  thermometer,  having  a  brass  tube  pro- 
ling  into  its  bulb  somewhat  in  the  manner  of  the  test-tube  in 
isen*8  ice  calorimeter.  The  hot  body  was  placed  in  this  tu1>e,  and 
I  water  was  poured  in  so  as  to  maintain  the  indication  of  the 
IOmeter  constant.  In  order  to  avoid  eiTors  arising  from  variations 
the  temperature  of  the  surrounding  air,  the  air  reservoir  of  the 
rmometer  was  placed  in  a  vessel  of  water  at  the  temperature  of  the 

Hesehas,  Journal  dc  la  SucUtt  Fhi/sico-chijniqiic  JiussCj  Nov.  1887  ;  Journal  de 
rique,  torn.  viL  p.  489,  1888. 
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room.  Before  placing  the  hot  body  in  the  brass  tube  a  weighed 
quantity  of  water  was  placed  in  it,  and  the  body  was  then  immened 
in  this  water,  as  in  Bunsen's  ice  calorimeter'  (Art  139). 

143.  Regnault's  Apparatus. — The  apparatoa  devised  by  Regnsult- 


foi-  tlie  iiiciisureiiiedt  of  siiecific  heats  by  the  method  of  miiturW  '= 
sliowu  in  Fig,  62.  It  consists  of  a  heater,  C,  and  a  calorimeter,  !'■ 
The  hcat«i-  is  that  piirt  of  the  apparutna  in  which  the  substance  u"*" 
experiment  is  warmed  to  some  known  temperature  before  immcf''* 
in  the  CiilorimeU-r.     It  is  simply  a  form  of  steam-jacket,  compriai* 

■  Fi.r:ui  iiiilirore-i  fonii  of  Hciwliiis's  (.■aloiiniBter,  see  >n  article  by  F.  A.  W»Um"' 
/'A(7.  J/».7.  X..V.  1S95. 

■J  Ri^gimilt,  .-1,1,1.  ,i'-  i'/,;,„ie  ■-!  ,1c  r/,iH,.,i-,  2',  toui.  Ixsiii.  |^  fi,  1840. 
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three  coaxial  cylindrical  compartments,  B,  C,  D,  as  shown  in  section. 
The  body  to  be  heated  is  placed  in  a  small  wire  gauze  basket,  'E,  and 
suspended  in  the  inner  compartment.  This  basket  possesses  two  co- 
axial compartments,  the  inner  of  which  contains  the  bulb  of  a  ther- 
mometer, and  the  outer  carries  the  substance  to  be  heated.  The 
inner  compartment  of  the  heater  in  which  the  basket  hangs  can  be 
opened  at  each  end.  The  upper  end  is  closed  by  a  cork  through 
which  passes  the  stem,  F,  of  the  thermometer,  and  also  the  thread 
which  supports  the  basket  The  lower  end,  L,  of  this  compartment  is 
closed  by  a  double  sliding  shutter,  which^,  when  open,  permits  of  the 
basket  and  the  substance  which  it  contains  being  lowered  into  the 
calorimeter  by  means  of  the  suspending  thread  G. 

The  second  and  third  compartments  of  the  heater  are  traversed  by 
a  current  of  steam  supplied  by  a  boiler,  A.  The  steam  enters  the 
second  compartment,  DD,  through  H,  and  after  passing  through  the 
outer  compartment,  BB,  escapes  by  the  tube  M  into  a  condenser. 
The  presence  of  the  steam  in  the  outer  jacket  prevents  cooling  and 
condensation  in  the  second  compartment,  and  the  temperature  of  the 
inner  is  kept  constant,  being  surrounded  by  a  current  of  dry  vapour. 

A  considerable  time  is  required  before  the  substance  in  the  basket 
attains  its  final  temperature.  It  generally  attains  a  maximum  of  about 
98°  C,  and  should  be  allowed  to  remain  in  the  heater  for  half  an  hour 
after  its  temperature  has  become  stationary.  When  this  has  been 
effected  the  calorimeter  R  is  run  along  rails  (provided  for  the  purpose) 
into  position  under  the  shutter  which  closes  the  lower  end  of  the 
inner  compartment  of  the  heater.  The  shutter  is  then  withdrawn, 
and  the  basket  quickly  lowered  into  the  calorimeter.  The  time  occu- 
pied in  the  transference  of  the  basket  is  so  small  that  no  very  sensible 
error  can  arise  through  radiation  during  the  passage  from  the  heater 
to  the  calorimeter. 

In  order  to  prevent  radiation  to  the  calorimeter  from  the  heater 
and  boiler  during  the  experiment,  the  support,  KK,  on  which  the  heater 
stands  is  made  hollow,  and  contains  water  at  the  temperature  of  the 
air.  A  thick  plate  of  cork  is  placed  under  the  heater,  so  that  the 
water  in  the  supporting  stand  does  not  become  warm  by  conduction. 
A  vertical  cylindrical  aperture  is  constructed  in  the  stand,  so  as  to 
permit  of  the  basket  being  lowered  into  the  calorimeter.  While  the 
substance  is  being  heated  the  calorimeter  is  withdrawn  to  a  distance 
along  the  rails,  as  shown  in  the  figure,  and  a  thick  cork  screen,  P,  cuts 
off  all  radiation  from  the  heating  apparatus.  Tlvis  screen  is  movable, 
and  can  be  raised  when  it  is  desired  to  run  the  calorimeter  under  the 
heater. 
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The  quantity  of  water  placed  in  the  calorimeter  ie  gauged  io  i 
measuring  flasli  of  known  volume  at  all  temperatures.  After  tlie 
immersion  of  the  heated  substance  a  continual  atirring  is  kept  up  1^ 
agitating  the  basket  by  means  of  the  thread  employed  to  suspend  it 

With  the  form  of  heater  described  in  this  apparatus  a  continnou 
variation  of  the  initial  temperature  6  of  substance  under  examinadoD 
cannoL  be  obtained  unless  the  vapour  is  produced  in  a  manner  which 
permits  of  the  pressure  being  varied  continuously.  Different  &ud 
temperatures  may  be  obtained  by  using  other  liquids  than  water  lo 
furnish  the  vapour.  A  continuous  variation  of  the  initial  temperatoic 
may  be  conveniently  obtained  by  means  of  a  later  form  of  hesl«r 
employed  by  Rcgnault,'  and  shown  in   Fig.  63.      The  wire  basket 


containing  the  aubsUiuee  under  examination  is  placed  in  a  tube  Aft 
running  in  a  sloping  direction  through  ;in  oil  bath  which  can  be  heaWl 
to  any  desired  tcnii>eriilure.  When  the  temperature  of  the  «'''" 
stance  has  lucontc  stjitioiiAry  it  is  let  down  into  the  calorimeter  bf 
means  ()f  the  threa<i  to  which  it  is  attached.  The  oil  bath  nay  ^ 
replaced  by  u  frecjiin^'  mixture,  and  the  specific  heat  may  thoB  •* 
determined  over  a  wide  range  of  temperature,  and  its  varistiW 
investigated. 

144.  Specific  Heats  of  Uquids.— The  specific  beats  of  liquids  M 
jwwders  and  subatiniccs  solubli!  in  water  may  be  examined  by  ^' 
method  "l  mixtures  by  sealing  them  up  in  thin  glass  or  metal  tube*- 

1  Rcgnfliill,  A,ui.  <U-  Chiinie  tl  lif  Phynqae,  i'-,  torn.  xlvL  p.  270,  185*. 
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:  the  case  of  bad  conductors  of  heat,  however,  considerable  error 
a,y  arise  from  the  slowness  with  which  the  sealed-up  mass  yields  its 
lat  to  the  calorimeter,  so  that  not  only  is  the  radiation  correction 
larged,  but  it  is  impossible  to  determine  how  far  the  average 
mperature  of  the  sealed-up  mass  differs  from  the  indications  of  the 
ennometer  both  before  immersion  and  at  the  time  of  maximum 
mperature  of  the  calorimeter.  In  the  case  of  solids,  which  are  poor 
aductora  and  soluble  in  water,  another  liquid  of  known  specific  heat 
which  they  are  insoluble  may  be  used  in  the  calorimeter,  and  the 
ding  up  in  a  tube  can  be  thus  avoided.     In  the  case  of  liquids, 


Cegnault  used  the  apparatus  shown  in  Fig.  64.  The  liquid  was  first 
Lealed  (or  cooled)  in  a  reservoir,  ii,  immersed  in  a  bath  (or  freezing 
uixture).  A  tube  furnished  with  a  tap,  B,  led  from  this  reservoir  to 
:he  calorimeter,  where  it  entered  another  reservoir,  CD,  which  was 
completely  immersed  in  the  water  of  the  calorimeter.  The  liquid 
having  attained  a  definite  temperature  in  the  reservoir  M,  the  tap  B 
*a«  opened,  and  the  liquid  forced  by  air  pressiire,  communicated 
through  the  tube  GH,  into  the  calorimetric  reservoir  CD.  The 
i^Wge  of  temperature  of  the  calorimeter  was  noted,  and  the  necessary 
twtections  applied  as  before.  The  thermal  capacity  of  the  reservoir 
CI)  must,  of  course,  be  reckoned  as  part  of  that  of  the  calorimeter, 
[An  apparatus  somewhat  similar  to  that  of  Hegnanlt's  just  described 
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has  been  employed  by  M.  Longuinine  ^  in  the  determination  (rf  tk 
specific  heats  of  certain  organic  liquids.     The  liquid  was  enclosed  in  an 
egg-shaped  platinum  vessel  placed  within  a  tube  closed   at  both  ends 
and  suiTounded  by  a  double-walled  vessel  through  which  the  vapour 
of  some  boiling  liquid  was  continually  circulating.      A  thermometer 
whose  bulb  was  in  contact  with  the  platinum  vessel  gave  the  tempen- 
ture,  which  was  usually  quite  constant  after  the  heating  had  lasted 
about  half-an-hour.     The  entire  heating  apparatus  was  mounted  cm 
rails,  and  could  be  rapidly  run  up  to  a  calorimeter  about  a  metre 
distant.     On  i)ressing  a  button  the  lower  end  of  the  tube  was  opened, 
the  egg-shaped  vessel  was  released  and  allowed  to  fall  into  the  calori- 
meter, and  the  heating  apparatus  immediately  withdrawn.      The  water 
in  the  calorimeter  was  continually  stirred  by  an  electric  motor.     Its 
temperature  was  measured  by  a  delicate  mercury  thermometer  which 
was  read  every  half-minute  through  a  telescope.     The  advantage  of 
keeping  the  calorimeter  fixed  and  making  the  heater  movable  was 
that  the  substance  could  be  introduced  into  the  calorimeter  without 
interrupting  the  circulation  of  vapour  in  the  heater,  the  stirring  of 
the  liquid  in  the  calorimeter,  or  the  observation  of  the  thermometer 
placed  in  the  latter.     Besides,  when  the  calorimeter  is  moved,  there 
is  danger  of  loss  of  its  contents  by  splashing  unless  the  motion  is  slow.] 
145.  Favre  and  Silbermann's  Calorimeter. — A  special  form  of 
calorimeter  was  devised  by  MM.  Favre  and  Silbermann,-  for  the  pur- 
pose of  studying  thennal  phenomena   which  require  some  time  for 
completion,  such,  for  example,  as  the  measurement  of  the  quantity  of 
heat  evolved  during  the  chemical  combination  of  two  or  more  sub- 
stances.    The  principle  of  the  instrument  is  somewhat  the  same  as 
that  of  Bunsen's  ice  calorimeter,  the  bulb  being,  however,  filled  entirely 
with   mercury,  and   the  heat  communicated  being  measured  by  the 
eximnsion  of  the  mercury  in  the  stem.     It  is  thus  a  kind  of  large- 
bulbed  thermometer,  the  stem  of  which  is  bent  round  at  a  right  angle, 
so  that  the  part  in  which  the  end  of  the  mercurv  column  travels  is 
horizontal,  as  in  the  ice  calorimeter  of  Bunsen  (Fig.  59).     The  bulb, 
which  is  generally  an  iron  sphere,  is  fitted  with  two  tubes  of  glass  or 
platinum,  which  protrude  into  the  interior  of  the  mercury,  and  into 
which  the  hot  body,  or  the  substance  under  examination,  is  placed. 
The  bulb  is  also  fitted  with  a  steel  plunger,  which  may  be  screwed 
forward  into  the  mercury  (or  backwards),  and  by  this  means  the  end 
of  the   mercurial  column  can   be  brought  to  any  part  of  the  stem 

^  Journal  dc  Physique^  Jan.  1901. 

-  Favie,  Ann.  dc  Chhnie  d  dc  Physique,  S*',  toiii.  xxxvi.  p.  5;  torn.  xxxviL  p. 
416  ;  torn.  xl.  p.  293  :  4*'.  toms.   xxvi..  xxvii.,  xxix.  ;  .*>«,  torn.  i. 
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sired  at  the  beginning  of  an  experiment.  The  instrument  is  stan- 
rdised  by  introducing  a  known  weight  of  hot  water  into  one  of  the 
bes  and  noting  the  displacement  of  the  index  as  well  as  the  fall  of 
oiperature  of  the  water.  If  the  end  of  the  mercurial  column 
vances  n  divisions  when  a  mass  m  of  water  cools  from  ^j  to  6?q,  then 
e  heat  equivalent  of  each  division  of  the  stem  is  m(0^  -  ^Q)/n.  This 
iiig  known,  the  heat  yielded  to  the  calorimeter  during  any  other 
periment  may  be  inferred  from  the  displacement  of  the  end  of  the 
ercurial  column  in  the  stem.  During  an  experiment  the  bulb  of  the 
strument  is  encased  in  cotton-wool  or  some  other  non-conducting 
uff,  so  as  to  secure  uniformity  of  conditions  during  all  experiments, 
id  to  prevent  as  far  as  possible  loss  of  heat  by  radiation  and  con- 
iction. 

The  apparatus  of  Favre  and  Silbermann  has  been  somewhat  modi- 
ed  by  M.  Jamin,^  the  reservoir  of  the  new  instrument  being  of  the 
>rm  of  a  glass  beaker  closed  at  the  top.  The  stem  rises  vertically 
•om  the  top  of  the  reservoir,  and  the  receiving  tubes  pass  down 
erticaMy  through  the  top  into  the  interior  of  the  mercury. 

[A  calorimeter  practically  identical  in  principle  with  that  of  Favre 
ind  Silbermann  was  described    by  Andrews  in    1845.       A  similar 
instrument  has  been  used  by  L.  Pfaundler  -  in  determining  the  specific 
heats  of  solutions.     In  form  it  resembles  a  large  mercury  thermometer. 
It  is  heated  till  the  mercury  in  the  stem  reaches  a  certain  mark,  and 
then  immersed  in  the  solution  whose  specific  heat  is  to  be  found.     The 
solution  cools  the  instrument,  and  when  the  mercury  has  receded  to 
another  mai-k  on  the  stem,  it  is  ^vithdrawn,  and  the  final  temperature 
of  the  solution  observed.     The  original  temperature  being  also  known, 
tne  specific  heat  may  be  determined  by  comparison  with  a  similar 
experiment  performed  on  water.     Besides  the  usual   corrections  for 
^ater  equivalent  and  heat  losses  by  radiation,  etc.,  attention  must  be 
P*i^  to  the  lag  of  the  instrument  and  the  error  due  to  the  fact  that 
^he  liquid  adhering  to  the  instrument  when  it  is  withdrawn  from  the 
solution  is  slightly  warmer  than  the  rest  of  the  solution.     The  instru- 
ment is  also  liable  to  the  ordinary  defects  of  mercury  thermometers, 
such  as  change  of  zero  after  heating.] 

A  form  of  mixing  calorimeter  specially  adapted  for  measuring  the 


Jamiu,  Cours  de  Physique^  torn,  ii.,  2*^,  fasc,  p.  17. 

See  Ann.  der  Physik,  Bd.  Ixvii.  p.  439,  1899.  In  tliis  connection  may  be 
'^^ntioueU  the  atometer  of  Prof.  Emerson  ReynoUls  {E.vp€ri mental  Chemisiri/t  vol.  i. 
f-  •'Sj,  which  ia  really  a  large  spirit  thermometer  with  a  test-tube  hermetically 
■"^^'ed  into  the  bulb  ;  it  is  intended  for  the  expeditious  determination  of  specific 
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heat  of  combination  of  liquids  has  been  described  by  Professor  S.  U. 
Pickering.^ 

146.  [Heat  of  Combustion. — The  heat  of  combustion  of  a  substance 
is  measured  by  the  quantity  of  heat  in  calories  disengaged  when  one 
gramme  of  the  substance  is  completely  burned  in  air  or  oxygen. 
In  the  case  of  a  chemical  element  like  carbon  or  sulphur  the  heat 
generated  by  the  combustion  of  a  gramme-molecule  of  the  substance 
is  usually  called  the  Iieat  of  comUnation  of  the  substance  with  oxygen. 
The  heats  of  combination  of  various  chemical  elements  with  each 
other  have  been  determined  by  Andrews,  Favre  and  Silbermann, 
Julius  Thomsen,  Berthelot,  and  others. 

The  stationary  temperature  method  of  Art.  142  affords  a  simple 
means  of  measuring  the  heat  of  combustion  of  any  substance  which 
can  be  burned  at  a  regular  rate.     For  instance,  to  determine  the  heat 
of  combustion  of  coal-gas,  a  regular  supply  of  the  gas  may  be  burned 
in  a  chamber  from  which  the  products  of  combustion  are  drawn  off 
by  a  pump  through  a  spiral  tube,  the  chamber  and  spiral  both  being 
immersed  in  a  large  calorimeter  filled  with  water,  the  temperature  of 
which  is  kept  constant  and  equal  to  that  of  the  surrounding  air  bv 
means  of  ice-cold  water  supplied  from  a  vessel  containing  a  mixture 
of  ice  and  water.     If  the  gas  supply  is  reduced  to  the  temperature 
of  the  air  of  the  room,  then  the  final  products  of  combustion  are 
given  oflf  at  the  same  temperature  as  that  of  the  original  constituents 
before  combustion  :  so  that  if  in  is  the  mass  of  gas  burned,  M  the 
mass  of  ice-cold  water  used,  6  the  temperature  of  the  air  and  calon- 
meter,  and  H  the  heat  of  coml)Ustion, 

In  general,  corrections  would  have  to  be  made  for  incomplete 
combustion,  incomplete  uniformity  of  temperature,  and  the  slight 
warming  of  the  ice-cold  water  during  its  passage  to  the  calorimeter.] 

'  S.  U.  Pickerin«,',  PhiL  Mwj.,  5^'',  vol.  xxix.  p.    247,  1890. 


SECTION   IV 

THE   METHOD   OF   COOLING 

147.  Principle  of  tlie  Metliod. — The  method  of  cooling  in  calori- 
ry  is  founded  on  the  supposition  that  when  a  body  cools  in  a  given 
osure  the  quantity  of  heat,  ciQ,  emitted  hy  it  in  a  time  dt  depends 
r  on  the  excess  $  of  the  temperature  of  the  body  above  that  of  the 
osure,  and  on  the  nature  and  extent  of  the  surface  of  the  body, 
this  supposition  we  may  write  down  the  equation 

ire  A  depends  on  the  surface  of  the  body,  that  is,  on  its  area  and 
iating  power,  and  f{6)  is  an  unknown  function  of  the  difference  of 
iperature  which  will  be  the  same  for  all  bodies.  Thus,  if  Newton's 
^  of  cooling  be  true,  this  function  is  simply  the  difference  of  tem- 
•ature  6. 
Now,  if  the  body  cools  through  an  interval  of  temperature  (16  in 
J  time  di,  we  have 

ilQ  =  insddy 

lere  m  is  the  mass  and  5  the  specific  heat  of  the  body,  hence 

msde  =  kf{e)dl, 

id  therefore  the  time  of  cooling  frdrfi  a  difference  of  temperature  6^ 
a  difference  6.^  will  be 


/ 


=-lt/l)=T[^(*.)-H- 


here  F(^)  is  the  function  obtained  by  performing  the  integration. 
I  the  same  manner,  if  another  body  of  mass  m  and  specific  heat  /  re- 
^res  a  time  /'  to  cool  through  the  same  range  in  the  same  enclosure, 
6  have 


^'='^'[f(^i)-F(^«)], 
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and  if  circumstances  can  be  so  arranged  that  the  surfaces  of  the  two 
bodies  shall  be  the  same,  so  that  A  =  A',  we  shall  have 


That  is,  the  thermal  capacities  of  the  two  masses  will  be  in  the  ratio 
of  thi!  times  required  to  cool  through  the  same  range  of  temperature 
under  the  same  conditions,  Vt'e  shall  now  see  how  far  these  condi- 
tions have  been  realised  in  practice. 

/^  148.  Apparatus  ofDulong  and  Petit — The  firstnccurate  researches 
by  tho  method  of  cooling  were  made  by  Dulong  and  Petit.  The  sub 
stance  under  examination  was  placed  in  a  small  silver  vessel  and 
suspended  in  an  enclosure,  the  walls  of  which 
were  lamp-blacked  and  kept  at  zero  by  melting 
ice.  The  apparatus  is  shown  in  Fig.  65. 
The  silver  vessel  D  consisted  of  two  concentric 
cylinders,  the  inner  of  which  was  just  wide 
enough  to  contain  the  bulb  of  a  small  delicate 
thermometer,  and  the  substance  was  plaixd 
in  the  annular  space  between  the  two  c)'liDden. 
In  the  ease  of  solids  they  were  finely  powdered 
and  tightly  packed  into  this  space,  so  as  to 
be  in  close  contact  with  its  walls.  The  out- 
side of  the  silver  was  brightly  polished,  so  tlwi 
it  might  always  possess  the  same  radintiog 
power  and  proloTig  as  much  as  possible  the  time  of  cooling,  which  is 
the  subject  of  obser'vation.  This  time  Is  also  extended  by  exhsiis'' 
ing  ^  the  chiimlier  in  which  tho  radiation  occurs. 

In  Fig.  C5  the  silver  thimble  containing  the  substance  undef 
examination  is  shown  suspended  at  the  centre  of  an  air-tight  ve«el. 
the  stem  of  the  thermometer,  which  indicates  its  temperature,  project- 
ing through  the  top.  In  making  an  experiment  this  vessel  is  heated, 
thoroughly  desiccated  and  exhausted,  and  then  surrounded  by  i^' 
as  shown  in  figure.  The  time  of  falling  through  some  definiW 
range  of  temperature  is  then  observed — for  example,  the  tima  <•' 
falling  from  15'  to  10°,  And  from  10'  to  5"  C. 

The  simple  equation  of  the  foregoing  article  becomes  somefl"*' 
modifieil  when  the  thermal  cai>acities  of   the   silver  vessel  and  ""^ 

'  Tlie  time  of  cnoliin;  wns  iioai'ly  tttire  ns  Inng  in  TscQUni  as  in  air  in  sciB* " 
Resnttulfsi'Xlfriiin-iil-. 
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thermometer  are  taken  into  account.  Denoting  the  sum  of  their 
thermal  capacities  by  k\  the  equation  becomes 

ms  +  k  _t 

where  k  is  the  same  in  all  experiments,  and  may  be  determined  by 
finding  t  and  /'  for  two  substances  of  known  specific  heats.  It  may 
also  be  determined  by  estimating  the  masses  of  silver,  glass,  and 
mercury  respectively,  and  using  their  previously-determined  specific 
heats.  Both  methods  were  employed  by  Regnault,  but  the  results 
were  not  very  concordant.  The  observation  of  /  and  /'  for  two 
different  masses  of  water  would  also  lead  to  a  value  of  k\ 

^^49.  Regnault's  Experiments. — A  series  of  experiments  was 
executed  by  Regnault  ^  with  the  object  of  ascertaining  how  far  the 
method  of  cooling  could  be  relied  on  in  the  estimation  of  specific 
heats.  In  the  case  of  solids  the  mode  of  procedure  was  the  same  as 
that  of  Dulong  and  Petit,  already  described.  With  liquids  the  experi- 
ments were  conducted  in  the  same  manner,  and  also  with  a  modified 
form  of  apparatus.  In  the  second  form  of  apparatus  the  silver  thimble 
was  dispensed  with,  and  the  liquid  was  enclosed  in  a  small  cylindrical 
bulb  of  glass,  the  neck  of  which  was  just  wide  enough  to  allow  a  small 
thermometer  to  pass  down  into  the  liquid  within  the  bulb.  The  cool- 
ing of  the  liquid  was  then  observed  as  before. 

After  an  extensive  series  of  experiments  on  substances  whose  Method 
specific  heats  had  been  already  determined  by  the  method  of  mixtures,  "ns"»table 
Regnault  was  convinced  that  in  the  case  of  solids  the  method  of  cool- 
ing could  not  be  accepted  as  a  method  of  sufiicient  accuracy  in  calori- 
raetry  ;  and  he  was  forced  to  this  conclusion,  not  only  by  the  differences 
between  the  results  obtained  by  this  method  and  those  obtained  by 
other  methods  for  the  same  substances,  but  also  by  the  discrepancies 
existing  between  the  various  determinations  by  this  method  of  the 
specific  heat  of  the  same  substance. 

With  solids  the  conditions  assumed  in  the  deduction  of  the 
fundamental  equation  are  never  even  approximately  satisfied.  Thus, 
although  the  external  surface  of  the  silver  thimble  may  always  have 
the  same  radiating  power,  yet  the  contact  of  the  powdered  solid  with 
the  inside  surface  will  depend  on  how  tightly  the  powder  is  pressed 
into  the  vessel,  and  this  will  not  only  vary  with  different  substances, 
but  also  in  different  experiments  with  the  same  substance.  Thus, 
although  we  may  have  A  =  A'  for  the  external  surface  of  the  silver, 

*  Regnanlt,  Ann.  de  Chimic  ci  de  Physique,  3^,  toni.  ix.  p.  327  :  and  2°,  torn 
Ixxiii.  p.  5. 
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the  communication  of  heat  from  the  interior  outwards  will  depend 
both  on  the  conductivity  of  the  powdered  solid,  and  on  its  contact 
with  the  walls  of  the  vessel.  For  this  reason,  nothing  like  equality 
of  temperature  can  exist  throughout  the  mass,  and  the  temperature 
registered  by  the  thermometer  being  that  of  the  interior  may  be 
considerably  higher  than  that  of  the  external  silver  surface,  which  is 
that  which  should  appear  in  our  equations. 

In  the  case  of  liquids  the  conditions  assumed  are  much  more 
nearly  satisfied.  Here  the  contact  with  the  silver  vessel  will  be 
much  the  same  in  all  experiments,  and  equality  of  temperature  will 
be  fairly  established  throughout  the  mass  by  convection  ciurents,  so 
that  the  question  of  conductivity  scarcely  comes  into  account  This 
method  is  therefore  exceedingly  convenient  in  the  case  of  liquids, 
especially  in  the  case  of  liquids  which  cannot  be  obtained  in  con- 
siderable quantities. 

[The  advantage  of  this  method  is  that  there  is  no  transference  or 
mixture ;  the  defect  is  that  the  whole  measurement  depends  on  the 
assumption  that  the  rate  of  loss  of  heat  is  the  same  in  the  tvo 
experiments,  and  that  any  variation  in  the  conditions,  or  uncertainty 
in  the  rate  of  loss,  produces  its  full  effect  in  the  result,  whereas  in  the 
method  of  mixtiu*es  it  would  only  affect  a  small  correction.  Other 
sources  of  uncertainty  are,  that  the  rate  of  loss  of  heat  generally 
depends  to  some  extent  on  the  rate  of  fall  of  temperature,  and  that 
it  is  difficult  to  take  accurate  observations  on  a  rapidly  falling 
thermometer.  Instead  of  using  a  small  polished  silver  calorimeter, 
it  would  be  better  to  use  a  fairly  large  one,  the  surface  of  which,  sb 
well  as  that  of  the  enclosure,  should  be  permanently  blackened,  so 
as  to  increase  the  loss  of  heat  by  radiation  as  much  as  possible  com- 
pired  with  the  losses  by  convection  and  conduction,  which  are  less 
regular.  For  accurate  work  it  is  essential  that  the  liquid  in  the 
calorimeter  should  be  continuously  stirred,  and  that  the  lid  as  well  as 
the  sides  of  the  enclosure  should  be  surrounded  with  water  also  kept 
stirred,  and  preserved  at  a  constant  temperature.^] 

1  H.  L.  Callendar,  Encif.  Brit.,  Art.  "Caloriraetry." 
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THE  METHOD   OF   CONDENSATION 

^50.  Joly's  Steam  Calorimeter. — The  method  of  condensation 
38  not  appear  to  have  been  used  in  calorimetry,  at  least  with 
3ces8,  until  very  recently.  This  probably  arose  from  the  mechanical 
£culties  and  the  many  sources  of  error  which  apparently  attend  this 
3thod.  In  1886,  however,  Professor  Joly^  proved  that  the  steam 
lorimeter  was  not  only  an  accurate  scientific  instrument,  but  that, 
«ides  being  of  more  general  application,  it  was  probably  susceptible 
'.  greater  accuracy  than  any  other  method  hitherto  employed.  He 
is  since  proved  that  in  the  hands  of  a  skilled  experimenter  the 
»am  calorimeter  gives  not  only  exceedingly  consistent  and  reliable 
38ults  for  solids  and  liquids,  but  that  by  means  of  it  the  experimental 
etermination  of  the  specific  heats  of  gases  at  constant  volume, 
itherto  regarded  as  impossible,  can  be  readily  effected. 

The  simplest  form  of  Prof.  Joly's  apparatus  consists  essentially  of  a 
hin  metal  enclosure,  which  we  shall  call  the  steam-chamber,  in  which 
^ngs  from  the  arm  of  a  balance  a  small  platinum  pan  (Fig.  66), 
^^n-ying  the  body  to  be  experimented  on.  Steam  is  admitted  into 
this  chamber  at  the  upper  end,  through  a  tube  (as  shown  by  the  arrows) 
^^  escapes  through  a  tube  leading  from  the  lower  extremity.  The 
*^m  can  be  admitted  rapidly  and  shut  off  at  pleasure,  or  allowed  to 
flow  gently  through  the  apparatus. 

At  the  beginning  of  an  experiment  a  known  weight  of  any  sub- 
s^nce  is  placed  on  the  pan,  and  after  remaining  some  time,  so  as 
^take  up  the  temperature  of  the  chamber,  its  temperature  6^  is 
'^oted  by  means  of  a  thermometer  inserted  in  a  tubulure  passing 
through  the  side  of  the  steam-chamber.  Steam  in  the  meantime  is 
^ot  up  in  the  boiler,  and  is  suddenly  admitted,  so  that  the  whole 
<!uamber  becomes  at  once  filled  with  saturated  vapour.  Condensation 
^t  once  begins  on  the  substance,  and  the  resulting  water  is  caught  in 

*  J.  Joly,  Proc,  Hoy.  Soc.,  vol.  xli.  p.  3.52,  1886. 
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the  pan — weights  being  tulded  to  the  other  pan  of  the  baUnce  w 
as  to  restore  equilibrium.  During  this  proceBS  the  steam  is  admitted 
very  slowly  (by  opening  an  escape  tube  leading  from  the  boiler)  into 
the  calorimeter,  so  that  there  is  no  sensible  steam  draught  on  the  pan, 
and  the  weighing  is  not  interfered  with.  After  four  or  five  minnM 
the  substance  has  attained  the'  temperature  of  the  steam,  and  ibt 
condensation  is  completed.  The  pan  then  ceases  to  increue 
sensibly  in  weight,  and  the  equilibrium  of  the  balance  is  maintained 
permanent.  A  very  slow  increase  of  three  or  four  milligrammes  p« 
hour  (due  to  radiation)  is,  however,  noticed.     Equilibrium  having  been 


obtained,  the  total  increase  of  weight  w  is  noted,  and  the  experiment 
is  over.  Let  6.,  be  the  temperature  of  the  steam,  and  L  its  la'*"* 
heat.  I'he  quantity  of  heat  given  out  by  the  condensation  is  trL,  >^° 
this  is  expended  in  raising  the  substance  and  pan  from  ^,  to  6f  " 
W  be  the  weight  of  the  substance,  and  s  its  specific  heat,  the  b«' 
acquired  by  the  substance  will  be  Vt'sid^  -  0,),  and  that  acquired  bj 
the  sapjKirting  pan  will  be  l:{6^  -  tf,),  where  k  is  the  thermal  capsa'! 
of  the  pan,  that  is,  the  'luantity  of  heat  necessary  to  raise  its  temper*' 
ture  1'  C.      Hence  we  have 

\Vs(e,-e,)+i(e,-fl|)=icL. 
The  quantity  k  is  determined  by  a  previous  observation,  and  ^ 
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)erature  0^  is  found  either  directly,  by  a  thermometer  inserted  in 
steam-chamber,  or  by  means  of  Regnault's  tables  and  a  reading 
16  barometer. 

^or  extreme  accuracy  a  small  correction  is  still  necessary.  The 
;ht  W  of  the  substance  is  found  in  air  at  ^j,  and  the  weight  w  is 
d  when  the  substance  and  pan  are  in  steam  at  O^-  The  weight 
ieam  per  cubic  centimetre  at  100°  is  little  more  than  half  that 
r  at  ordinary  temperatures,  and  for  this  reason  the  weight  w  is 
ber  than  the  weight  of  vapour  condensed  by  the  excess  in  weight 
volume  V  of  air  at  6^  over  the  same  volume  of  steam  at  d^,  where 
the  volume  of  the  substance  and  pan  together.  The  difference 
eight  of  a  cubic  centimetre  of  air  at  IS""  C.  and  a  c.c.  of  steam  at 
is  '000636  gramme,  according  to  Regnault ;  hence,  the  correction 
3  applied  to  ii?  is  •000636r.  This  correction  being  applied  gives 
kveight  of  water  condensed  but  it  must  be  remembered  that  it  is 
;hed  in  steam ;  and  if  extreme  accuracy  be  desired,  it  is  still 
8sary  to  multiply  by  the  factor  1  '000589,  in  order  to  reduce  the 
;hing  to  vacuum.  The  actual  weight  in  a  vacuum  of  the  water 
lensed  will  therefore  be 

l-000589(?r-0 -0006361?), 

lat  s  is  determined  from  the  equation 

( W5  +  k){e^  -  ^,)  =  1  -OOOoSOC w  -  0 -OOOfiSOr)!. 
ire  according  to  Regnault 

L  =  606  '5  -  0  -695^.^  -  0  •00002^2*'^  -  0  •0000003^2^ 

ery  approximately  L  =  536*5  +  0*7(100  -  6,y). 
In  order  to  avoid  the  condensation  of  steam  on  the  suspending 
,  where  it  leaves  the  steam-chamber,  it  passes,  not  through  a  small 
in  the  metal,  but  through  a  small  hole  pierced  in  a  plug  of  plaster 
aris.  Without  the  plaster  the  steam  condenses  on  the  metal  and 
18  a  drop  at  the  aperture  through  which  the  suspending  wire 
88,  and  destroys  the  freedom  of  motion  of  the  wire  and  prevents 
rate  weighing.  With  the  plaster  of  Paris  plug  no  such  drop 
jcts,  and  the  weighing  can  be  performed  with  accuracy.  In  his 
'  experiments,  Prof.  Joly  placed  a  small  spiral  of  platinum  wire 
md  the  suspending  wire  just  outside  the  apertiu*e,  and  by  passing 
jlectric  current  through  the  spiral,  sufficient  heat  is  produced  to 
ent  all  condensation  on  the  suspending  wire  in  the  neighbourhood 
be  aperture.  Besides  accuracy  in  weighing,  a  point  of  prime  im- 
ance  is  the  rapid  introduction  of  the  steam  at  the  beginning  of 
experiment.       When    the    steam    first    enters    the    calorimeter, 
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partial  condensation  occurs  by  radiation  to  the  cold  air  and  the  wills 
of  the  chamber.  Some  of  the  condensed  globules  may  fall  upon  the 
substance  and  lead  to  an  error  in  the  value  of  s.  If  the  steam  enten 
slowly  this  error  may  be  large,  and  it  is  therefore  important  to  fill 
the  chamber  at  once  with  steam.  This  necessitates  a  good  supply  of 
steam  and  a  large  delivery  tube,  but  when  the  chamber  is  well  filled  with 
steam  a  very  gentle  after-flow  suffices.  If  the  steam  supply  be  cut  off, 
the  weight  of  condensed  vapour  slowly  diminishes.  This  arises  from 
distillation  over  to  the  colder  walls  of  the  chamber,  and  if  the  steam 
be  again  turned  on  the  weight  increases. 

The  error  arising  from  the  deposition  of  condensed  globules  on 
the  pan  during  the  initial  sUiges  of  the  experiment  is  somewhat 
counterbalanced  by  radiation  from  the  steam  to  the  substance.  This 
latter  is  analogous  to  the  transference  error  in  the  other  methods  of 
calorimetry. 

One  advantage  of  the  steam  calorimeter  is  that  it  applies  equallv 
to  solids,  liquids,  and  gases,  and  may  be  used  for  large  or  small 
masses,  so  as  to  enable  us  to  find  by  this  means  the  specific  heats  of 
rare  substances  which  are  not  easily  procurable  in  large  quantities. 
Liquids,  powders,  and  solids  acted  on  by  steam  may  be  sealed  up  in  » 
glass  envelope,  the  thermal  capacity  of  which  can  be  determined. 
The  method  therefore  appears  not  only  exceedingly  accurate,  but  also 
universal  in  its  application. 

The  method  of  evaporation,  on  the  other  hand,  is  important  m 
estimating  ([uantities  of  heat  in  many  scientific  investigations.  It^^ 
particularly  useful  in  evaluating  the  quantity  of  heat  developed  by 
the  combustion  of  coal  or  other  kinds  of  fuel,  and  in  measuring  the 
economy  of  various  kinds  of  furnaces. 

^151.  The  Differential  Steam  Calorimeter — Specific  Heats  of 
Gases  at  Constant  Volume. — In  a  more  recent  form^  of  the  steam  calori- 
meter, the  correction  for  the  weight  of  the  steam  displaced  by  the  p*'* 
is  avoided.  This  form  is  named  the  diff*erential  steam  calorimeter,  an<l 
has  been  applied  by  Prof.  Joly  to  determine  the  specific  heats  of  gases. 8-^ 
constant  volume.  In  this  form  (shown  in  front  and  side  view  in  Fi^* 
6  7 )  two  similar  pans  hang  in  the  steam-chamber,  one  suspended  frot"* 
each  arm  of  the  balance,  so  as  to  counterpoise  each  other.  The  therm*^ 
capacities  of  the  pans  can  be  made  equal,  so  that  k  will  vanish  fro^** 
the  equation,  and  the  radiation  error  will  also  disappear,  as  it  vil* 
cause  equal  condensation  on  the  two  pans. 

The  chief  use  of  the  differential  form  is,  however,  its  applied' 
tion  to  the  calorimetry  of  gases.     For  this  purpose  the  pans  are  r*" 

^  J.  Joly,  Proc.  Jimj.  Soc,  vol.  xlvii.  p.  218,  1889. 
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*ced  by  two  equal  spherical  shells  of  copper,  one  containing  the  gas 
a  kaown  pressure  and  temperature,  and  the  other  empty.  The  spheres 
e  furnished  with  small  pans,  or  "  catch- waters,"  to  collect  the  water 
suiting  from  condensation.  Greater  condensation  occurs  on  the 
bere  which  contains  the  gas,  and  the  excess  gives  the  quantity  of 


''**t  required  to  heat  the  contained  mass  of  gas  from  6^  to  &^     This 
detenninea  the  specific  heat  of  the  gas  at  constant  volume. 

The  great  advantage  of  the  differential  calorimeter  is,  that  nny 
Wurce  of  error  common  to  the  two  spheres  is  cHrainate<],  and  the  gas 
"r  other  substance  enclosed  in  one  of  them  merely  bears  its  own  share 
**  error,  and  not  also  that  of  the  containing  sphere.  Thiis  an  error 
•n  the  observation  of  the  temperature  disappejtrs  with  regiinl  to  the 
'P''«re,  and  the  effect  is  practically  the  same  as  tf  the  gas  ivere  con- 
'^'ncd  in  a  vessel  of  zero  thermal  capacity  in  the  single  steam  calori- 
■wter  form. 
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In  making  an  experiment,  the  sphere  used  to  hold  the  gas  is 
repeatedly  washed  out  with  the  dry  pure  gas,  the  sphere  being  both 
heated  and  exhausted  before  each  admission  of  the  gas.  It  is  then 
filled  and  hung  in  the  steam-chamber  and  counterpoised  against  the 
empty  sphere,  the  difference  of  weight  being  noted.  This  gives  the 
weight  of  gas  enclosed.  The  stationary  temperature  0^  being  noted, 
the  steam  is  admitted,  and  in  about  five  minutes  the  condensatioD 
will  be  complete.  The  upper  temperature  6^  is  then  noted.  The 
lower  temperature  0^  is  registered  by  a  delicate  standardised  low-range 
thermometer,  and  0.-,  is  registered  by  a  similar  high-range  thermometer. 
The  spheres  are  now  removed  from  the  calorimeter  and  carefully  dried, 
their  high  temperature  being  sufficient  to  completely  evaporate  all 
moisture  from  their  surfaces.  When  cool,  they  are  again  placed  iu 
the  calorimeter,  and  equilibrium  tested.  This  is  in  order  to  detect 
if  any  leakage  has  occurred  during  the  experiment^  Some  of  the 
gas  may  now  be  let  out,  and  another  experiment  made  with  what 
remains. 

The  spheres  employed  by  Prof.  Joly  were  of  copper,  and  about  6'7 
cm.  in  diameter,  the  one  containing  the  gas  being  made  to  stand  a  safe 
working  pressure  of  about  35  or  40  atmospheres.  If  at  the  beginning 
of  the  experiment  this  space  is  filled  with  air  at  about  22  atmospheres 
at  0^  the  pressure  will  be  about  30  at  O^.  In  an  experiment  the  weight 
of  air  contained  was  4*2854  grammes.  The  condensation  due  to  the 
sphere  was  1*5  gramme,  and  that  due  to  the  air  0*11629,  or  about  ^V 
that  of  the  sphere,  the  range  of  temperature  0^  -  6^  being  84° '52  C. 
In  a  series  of  six  experiments  the  mean  precipitation  per  degree  cen- 
tigrade was  0-018004. 

The  corrections  necessary  for  extreme  accuracy  are — 

(1.)  Correction  for  the  thermal  expansion  of  the  vessel,  and  the 
consequent  work  done  by  the  gas  in  expanding  to  this 
increased  volume. 

(2.)  Correction  for  the  dilatation  of  the  sphere  under  the  increased 
pressure  of  the  gas  as  the  temperature  rises. 

(3.)  Correction  for  the  thermal  effect  of  stretching  of  the  material 
of  the  sphere.  AVires  are  generally  cooled  by  sudden  ex- 
tension, but  the  cooling  of  the  copper  in  this  case  is  too 
small  to  merit  consideration. 

(4.)  Correction  for  displacement,  or  buoyancy,  arising  from  the 
increased  volume  of  the  sphere,  both  in  the  air  at  6^  and  in 
the  steam  at  ^.,. 

'   III  the  later  experiments  all  leakage  was  completely  stopjied. 


RT.    151 


THE  METHOD  OF  CONDENSATION 


•271 


(5.)  Correction  for  unequal  thermal  capacities  of  the  spheres. 
(6.)  Reduction  of  the  weight  of  the  precipitation  to  vacuum. 

Prof.  Joly's  experiments  show  that  in  the  case  of  air  and  carbonic 
3id  the  specific  heat  increases  with  the  density,  but  with  hydrogen 
le  opp>osite  seems  to  be  the  case. 

For  air  the  specific  heat  at  constant  volume  at  a  mean  pressure  of 
9 '51  atmospheres,  and  a  mean  density  of  0*0205  was  found  to  be 
1721.  For  carbon  dioxide,  the  change  with  pressure  is  shown  by  the 
allowing  table : — 


Pressure  in  Atino8pheres. 


Density. 


Cr. 


7-20 

0-011530 

0-16841 

12*20 

0-019950 

0-17054 

16-87 

0-028498 

0-17141 

20-90 

0  036529 

017305 

21-66 

0  037802 

0-17386 

The  mean  result  of  the  experiments  on  hydrogen  gives  a  specific 
eat  2-402. 


SECTION   VI 


ON    THE   SPECIFIC   HEATS   OF  GASES 


t^  52.  The  Two  Specific  Heats  of  a  Gas. — It  has  been  already  pointed 
out  (Art.  135)  that  the  specific  heat  of  a  substance  can  be  spoken  of  with 
definiteness  only  when  the  conditions  under  which  the  heating  takes 
place  are  stated.  If  a  body  be  allowed  to  expand  when  heated,  work 
will  be  done  against  the  external  pressure,  and  an  equivalent  qusntitv 
of  heat  will  be  required,  and  if  the  specific  heat  be  merely  defined  as 
the  quantity  of  heat  necessary  to  raise  the  temperature  of  unit  nuw 
of  a  substance  l""  C,  its  value  will  depend  on  the  amount  of  extemil 
work  done  during  the  change  of  temperature,  as  well  as  on  the  naturt 
of  the  substance.  Thus,  in  general,  the  specific '  heat  of  a  substance 
may  have  any  value  whatever  if  the  conditions  under  which  the  change 
of  temperature  takes  place  are  not  defined. 

In  the  case  of  solids  and  liquids  the  change  of  volume,  and  there- 
fore the  external  work  done,  during  change  of  temperature  is  small,  so 
that  although  the  specific  heats  so  far  determined  are  those  under 
constant  pressure,  yet  it  has  not  been  necessary  to  allude  to  the  fact 
In  the  case  of  gases,  however,  under  constant  pressure,  the  change 
of  volume  with  rise  of  temperature  is  considerable,  and  the  thermal 
equivalent  of  the  external  work  done  during  expansion  is  a  large  part 
of  the  whole  heat  supplied  during  the  change  of  temperature.  For 
this  reason,  the  conditions  under  which  the  heating  of  a  gas  takes 
place  must  be  stated  when  referring  to  the  specific  heat;  and  it 
has  become  customary  to  speak  of  two  specific  heats  in  connection 
with  any  gas,  namely,  the  sjjecific  heat  at  constant  volume,  and  th^ 
specific  heat  under  coustant  pressure.  The  former  is  the  quantity  of 
heat  re([uired  to  raise  the  temperature  of  unit  mass  of  the  gas  T  C 
when  its  volume  is  kept  constant,  and  the  latter  the  quantity  of  heat 
required  to  raise  the  temperature  of  unit  mass  1°  C.  when  the  pres- 
sure is  kept  constant.  In  the  former,  the  pressure  increases  while 
the  volume  is  kept  constant  and  no  external  work  is  done.     In  the 
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ter,  the  volume  increases  under  constant  pressure,  and  an  amount 
external  work  is  done  which  is  measured  by  the  product  of  the 
ian  pressure  by  the  change  of  volume. 

The  experimental  determination  of  the  specific  heats  of  gases  at 
istant  volume  has  been  already  considered  under  the  method  of 
idensation,  and  we  shall  now  proceed  to  the  experimental  deter- 
nation  of  the  specific  heat  under  constant  pressure.^  This  investi- 
t;ion  is  attended  by  great  difficulties,  arising  chiefly  from  the  small 
M^ific  gravities  of  gases,  so  that  a  large  volume  must  be  passed 
x>ugh  the  calorimeter  in  order  to  produce  any  appreciable  change 
temperature.  This  requires  a  considerable  time,  and  diuring  the 
«erval  all  the  causes  of  error  which  accompany  calorimetric  de- 
-minations  are  in  operation.  The  relations  connecting  the  two 
9cific  heats,  and  the  methods  by  which  they  may  be  determined  in- 
rectly,  will  be  considered  afterwards. 

1 68.  Specific  Heat  under  Constant  Pressure — Regiiault*s  Appa- 
itus. — ^The  apparatus  adopted  by  Kegnault  to  determine  the  specific 
tats  of  gases  under  constant  pressure  was  a  modified  form  of  that 
ted  by  Delaroche  and  B^rard.  The  gas  to  be  operated  on  was 
ored  dry  and  pure  in  a  large  reservoir,  V  (Fig.  68),  which  was 
omersed  in  a  bath  kept  at  a  constant  temperature.  The  pressure  of 
le  gas  in  this  reservoir  was  measured  by  an  open  manometer  attached 
>  the  delivery  tube.  When  the  stop-cock  R  was  opened  the  gas  flowed 
ct)in  the  reservoir  through  the  spiral  tube,  immersed  in  a  hot  oil  bath 
'A  which  could  be  maintained  at  any  chosen  temperature.  Thi& 
piral  was  so  long  that  the  gas  in  passing  through  it  attained  the 
^iDperature  of  the  surrounding  bath.  After  passing  through  this 
spiral  the  gas  entered  the  calorimeter.  Here  it  passed  through  a 
^>fa88  reservoir  consisting  of  a  series  of  chambers,  and  gave  up  its 
"^t  to  the  calorimeter,  emerging  finally  at  the  temperature  of  the 
■^lorimeter  by  the  tube  D. 

The  first  point  of  prime  importance  was  to  secure  a  uniform  flow 
^  the  gas,  so  that  it  should  pass  through  the  calorimeter  uniformly 

^  The  first  researches  ou  the  specific  heats  of  gases  were  made  by  Crawford, 
^Do  applied  the  method  of  mixtures  and  found  that  the  sjiecific  heat  of  air 
^  nearly  twice  that  of  water !  Afterwards  Lavoisier  and  La{>lace  {(Kuvres  de 
*^*oitier,  torn,  ii.)  found  by  means  of  their  ice  calorimeter  a  more  correct  value  '33, 
^^  subsequently  Oay-Lussac  {Aim.  de  Chimie  ci  de  Physiqv^,  torn.  Ixxxi.  p.  98) 
•ttacked  the  subject ;  but  by  far  the  best  determinations  previous  to  Regnault's  work 
***  those  of  Delaroche  and  B6rard  {Ann,  de  Chimie  et  de  Physiqti^y  1"  serie,  torn. 
*ttx?.  p.  72),  crowned  by  the  Academy  of  Sciences.  They  caused  a  uniform  current 
i^f  gas,  heated  to  100^  C.  (by  passing  through  a  tube  contained  in  a  va{>our  jacket),  to 
[^  through  a  spiral  tube  contained  in  the  calorimeter.  Joule  also  made  an  accurate 
l«termination  of  the  specific  heat  of  air  {Phil,  Trans.,  pt.  i.  p.  65,  1852). 
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and  under  coastant  pressure.  As  tho  gas  escapes  the  pressure  in  the 
reservoir  V  diminishes,  while  the  pressure  outside  (the  atmosphtn) 
remains  constant,  consequently  the  velocity  of  efflux  will  gndoillr 
diminish.  To  avoid  this  Regnault  placed  a  manometer,  M,  in 
connection  with  the  conducting  tube  at  N,  which  registered  tb 
pressure  at  that  point.  Between  this  manometer  and  the  reserroir 
V  a  screw  K  was  placed  (shown  enlarged  in  Fig.  68,  bB),  wbick 
obstructed  the  flow  of  the  gas,  but  which  could  be  gradnally  with- 


drawn so  as  to  leave  a  wider  passage,  itrid  keep  the  pressure  regisW'*' 
by  M  consLint.  This  secured  a  constant  pressure,  anil  hem*  * 
uniform  flow.  .lust  hej-onil  the  manometer  the  tube  was  v«rT 
narrow.  In  onler  to  make  certain  that  the  gas  actually  acquired  tli' 
temperaune  of  the  bath  in  ((assinj;  through  the  long  serpentii" 
EC,  Regnjtult  nuide  some  preliminary  experiments  in  which  a  *'>*'' 
mometer  wiis  placed  in  the  tube,  so  as  to  take  the  temperature  of  tw 
gas  just  licfore  leiiving  the  linth.  By  this  means  he  found  tliat  there*** 
no  sensible  ditrerence  of  temperature.     Hence,  in  subsequent  inveali^ 
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ns  the  temperature  of  the  gas  entering  the  calorimeter  was  taken  to 
that  of  the  bath.  Particular  precautions  were  taken  to  avoid  loss 
heat  by  the  gas  in  passing  from  the  bath  to  the  calorimeter,  and 
o  to  prevent,  as  far  as  possible,  conduction  of  heat  from  the  bath  to 
5  calorimeter  through  the  connecting  tube.  For  this  purpose  the 
meeting  parts  at  C  were  made  of  non-conducting  material,  and  the 
orimeter  was  enclosed  in  a  wooden  case.  It  was  further  necessary 
ascertain  if  the  pressiure  of  the  gas  was  the  same  at  entering  as  at 
ving  the  calorimeter.  If  that  is  not  the  case,  the  gas  will  have 
panded  in  the  calorimeter,  doing  work  and  absorbing  heat,  and  a 
isequent  error  will  be  introduced.  Water  manometers  placed  at 
5  entrance  C  and  the  exit  D  showed  •no  more  than  1  mm.  difference, 

that  the  error  arising  from  this  cause  was  quite  insensible.  A 
srmometer  placed  at  D  also  showed  that  the  temperature  of  the 
raping  gas  was  the  same  as  that  of  the  calorimeter. 

It  now  remained  to  calculate  the  weight  of  gas  which  passed 
rough  the  calorimeter  during  the  experiment.  In  the  first  place, 
e  total  weight  of  gas  in  the  reservoir  is,  by  Boyle's  law,  proportional 

the  pressure  if  the  volume  of  the  reservoir  reniains  constant, 
his  volume  was  influenced  by  both  temperature  and  pressure,  and 
»  correct  the  former  the  reservoir  was  placed  in  a  bath,  and  to 
linimise  the  latter  the  reservoir  was  made  strong.  For  any  pressure 
Begnault  assumed  that  the  weight  of  gas  W  in  the  reservoir  was  given 
y  the  formula 

™  which  A,  B,  C  were  determined  by  experiment.     Thus  the  weight 
^'  at  any  other  pressure  p  was,  at  the  same  temperature, 

(1  +  o^)  W  =  Kp'  +  B;>'^  +  C/3, 

^d  consequently  their  difference  w  was 

(1  +  ae)w  =  k{p  -p)  +  B(j»2  -/'^)  +  C{f  -  p'^). 

By  making  three  such  experiments,  three  values  of  w^  and  three 
^^tions  to  determine  A,  B,  C  were  obtained.  These  being  once 
'determined  could  be  used  in  all  further  experiments. 

In  carrying  out  an  experiment  the  gas  was  compressed  pure  and 
^^  in  the  reservoir  V  under  a  sufficient  pressure.  The  oil  bath  was 
"Cated  to  a  stationary  temperature,  and  a  known  weight  of  water 
^^  placed  in  the  calorimeter.  The  whole  observation  was  then 
Winded  into  three  parts. 

(I.)  The  calorimeter  was  observed  for  ten  minutes  in  order  to 
ietermine  the  heat  received  per  minute  through  (a)  conductivity  from 
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the  oil  bath  ;  (/?)  radiation  from  the  screens ;  (y)  radiation  to  or  from 
the  surrounding  air.  The  effects  (a)  and  (p)  are  practically  constantt 
for  the  temperature  of  the  bath  is  always  much  higher  than  Uiat  of 
the  calorimeter;  but  (y)  may  be  either  positive  or  negative,  and 
must  be  found  by  observation  of  the  temperatures  of  the  air  and 
calorimeter  from  minute  to  minute.  If  k  represents  the  change  of 
temperature  per  minute  arising  from  (a)  and  ()3)  together,  and  if  6^  be 
the  mean  temperature  of  the  air  and  6  that  of  the  calorimeter  during 
any  particular  minute,  the  corresponding  change  of  temperature  S$  of 
the  calorimeter  arising  from  the  perturbations  a,  A  y  ^^U  be 

dB  =  A{0-Bo)  +  k' ;!: 

(II.)  After  the  lapse  of  ten  minutes,  spent  in  the  observation  of 
the  perturbations  due  to  radiation  and  conduction,  the  gas  was  turned 
on,  and  during  this  phase  of  the  experiment  the  temperature  of  the 
calorimeter  was  changed  by  the  passage  of  the  gas  through  it,  and 
also,  but  to  a  much  smaller  extent,  by  the  perturbation  mentioned  in 
(I.)  If  the  flow  is  continued  for  n  minutes  the  total  change  of 
temperature  arising  from  the  latter  causes  is 

If  3S^  be  positive  it  must  be  subtracted*  from  the  final  temperature 
of  the  calorimeter  in  order  to  obtain  the  temperature  which  would 
have  been  attained  if  no  perturbations  existed.  Denoting  the  initiJ 
temperature  of  the  calorimeter  by  6^  and  its  observed  final  temperature 
by  ^.„  the  true  final  temperature  will  be  $,^  -  28^,  and  if  W  denotes 
the  water  equivalent  of  the  calorimeter  the  heat  gained 'by  it  from 
the  gas  will  be  W[(^.,  -  :^86)  -  ^J,  and  if  w  be  the  weight  of  ga« 
transmitted,  and  i>  its  specific  heat,  the  whole  mass  of  gas  may  ^ 
considered  as  having  fallen  from  the  temperature  6  of  the  bath  to 
the  mean  temperature  \(0^  +  6.,)  of  the  calorimeter ;  consequently  the 
heat  lost  by  the  gas  will  be  ws[6  -  -l{6^  +  O^Ylf  ^^^  ^^^  equation  which 
determines  s  is 

(III.)  The  third  part  of  the  experiment  consisted  in  observing  th« 
variation  of  the  temperature  of  the  calorimeter  for  ten  minutes  afttf 
the  flow  of  gas  was  stopped.  It  was  now  only  subject  to  the  p^ 
turbations,  and  the  change  of  temperature  was  due  to  these  cau8«* 
alone.  Denoting  the  change  of  temperatiu"e  per  minute  of  the 
calorimeter  by  S6\  and  the  mean  temperature  of  the  air  during  this 
minute  by  0\^,  while  that  of  the  calorimeter  is  ff,  we  have 

de' ^  A{0' -  0')  + 1' (') 
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his  equation,  combined  with  (1),  enables  us  to  determine  A  and  h^ 
id  hence  the  quantity  !S8^,  which,  when  substituted  in  (2),  gives  the 
»ecific  heat. 

In  the  case  of  gases  which  attack  copper  the  spiral  tubes  were 
ade  of  platinum,  and  when  pressures  higher  than  the  atmosphere 
ere  required,  the  narrowing  of  the  tube  just  beyond  N  was  dispensed 
ith,  and  the  mouth  D  of  the  tube  where  the  gas  escaped  was  made 
5ry  narrow.  The  water  manometer  M  was  also  replaced  by  a 
ercurial  manometer.  The  following  results  were  obtained  by 
egnaiilt : — 

Specific  Heats  of  Gases  under  Constant  Pressure. 

Simple  Gases 

Air    ...         .         0-23741  Nitrogen »   .         .         .         0*24880 

Oxygen      .  0*21 751  Chlorine      .         .  0*12099 

Hydrogen .  3*4090  Bromine  .         .         0*05552 

154.  Method  of  Stationary  Temperature. — In  the  process  just 
escribed  the  temperature  of  the  calorimeter  varies  from  6^  to  6^  and 
aay  therefore  be  called  the  method  of  variable  temperature.     Dela- 
oche   and  B^rard   employed  in  addition   the  method  of    stationary 
temperature.     In  this  method  the  hot  gas  is  passed  through  the  calori- 
neter  till  the  temperature  of  the  latter  becomes  stationary.     At  this 
stage  the  heat  gained  per  second  by  the  calorimeter  is  equal  to  that 
lost  by  radiation  to  the  surroundings.     Denoting  the  weight  of  gas 
which  passes  through   the   calorimeter  per  unit  time  by  w  and  its 
specific  heat  by  s,  the  total  heat  gained  by  the  calorimeter  per  unit 
time  will  be  ws{d  -  ff)  +  k,  where  ff  is  the  stationary  temperature  of 
the  calorimeter,  6  that  of  the  bath,  and  k  the  gain  of  heat  by  conduc- 
tion through  the  connections.     But  if  6q  be  the  temperature  of  the  air, 
^l»e  loss  by  radiation  will  be  A{6'  -  Oq\  and  consequently 

The  coefficients  A  and  k  may  be  found  as  before  by  two  observa- 
tions on  the  rate  of  change  of  temperature  of  the  calorimeter.  In 
^^termining  ^  Delaroche  and  Berard  warmed  the  calorimeter  initially 
^a  temperature  a  little  inferior  to  the  stationary  temperature,  and 
^»^n  allowed  the  gas  to  pass  through,  observing  the  maximum  indica- 
^*on  of  the  thermometer  placed  in  the  calorimeter,  that  is,  the  tem- 
perature indicated  when  it  ceased  to  change  by  more  than  y\j^  of  a 
^^66  in  ten  minutes.     They  then   heated  the   calorimeter  a   little 

'  The  sjiecific  heat  of  nitrogen  was  deduced  from  that  of  air  combined  with  that 
of  oxygen. 
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alK)ve  tlie  stationary  temperature,  and  allowed  the  gas  to  pass.  Thu 
time  the  calorimeter  cooled  to  a  stationary  temperature.  The  meiii 
of  the  two  temperatures  thus  observed  they  took  as  the  true  sbationar; 
temperature  B'. 

166.  [Lussana's  Experlmflnts. — The  most  careful  direct  meamn- 

^  menls  of  the  specific  heat  of  gases  at  constant  pressure  are  those  due 

'■  to  Prof.  S.  Lussana.*     The  method  adopted  was  in  some  respects  similar 

to  Regiiault's,  but  with  the  important  modification  that  the  presinrt 

was  maintained  constant  throughout  the  whole  apparatus,  the  design 


of  which  also  made  the  use  of  much  higher  pressures  possible.  Prof- 
Lussana's  researches  extended  over  several  years,  in  the  coune  of 
which  various  changes  and  improvements  were  introduced  from  time 
.  to  time,  but  the  essential  parts  in  most  of  the  experiments  did  not 
differ  much  from  the  arrangement  represented  in  Fig.  69. 

A  and  B  are  two  iron  cylinders  of  internal  diameter  27  cnw- sod 
length  about  SO  cms.  Thoir  lower  ends  are  connected  by  a  flexible 
spiral  steel  tube  C,  so  that — A  being  fixed — B  can  be  moved  verticsUr 
up  and  down  to  a  higher  or  lower  level  thau  A.  In  the  positioii 
shoH-n,  A  is  full  of  gas,  and  B,  as  well  as  the  steel  spiral,  is  full  o' 
mercury.     If  B  is  now  raised  to  a  level  higher  than  A,  the  mercurj 
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lows  from  B  to  A  through  the  steel  tube,  causing  the  gas  to  pass 
through  the  copper  tube  D,  the  tap  E,  and  the  flexible  spiral  copper 
iube  F  into  B.  The  mercury  is  allowed  to  fill  A  and  to  rise  in  the 
;ube  above  it  till  it  touches  a  platinum  wire  G,  thereby  con^pleting  an 
'lectric  circuit  and  ringing  a  bell.  The  apparatus  is  now  ready  for 
in  observation.  The  pressure  is  noted,  and  also  the  temperatures 
ndicated  by  the  various  thermometers.  After  the  temperature  of 
^he  calorimeter  has  been  watched  for  ten  minutes,  the  tap  E  is  closed, 
^he  taps  H  and  I  opened,  and  B  is  gradually  lowered.  This  causes  the 
nercury  to  pass  from  A  to  B  through  C,  driving  the  gas  out  of  B 
ihrough  FKI,  through  the  copper  spiral  L  contained  in  the  heater  M, 
through  a  similar  spiral  N  immersed  in  the  calorimeter  0,  and  thence 
t>y  the  tap  H  and  the  tube  D  back  to  A.  H  and  I  are  then  closed 
lud  E  opened,  and  the  temperature  of  the  calorimeter  again  watched 
:or  several  minutes,  after  which  the  process  is  repeated.  It  will  thus 
3e  seen  that  the  same  mass  of  gas  can  be  used  over  and  over  again, 
ind  that  its  pressure  remains  always  the  same.  At  each  operation  a 
known  mass  of  gas  is  passed  through  the  spiral  L  and  there  heated  to 
in  observed  temperature  given  by  the  thermometer  T2.  It  passes 
whence  through  the  spiral  N  and  is  there  reduced  to  the  temperature 
>f  the  calorimeter  given  by  the  thermometer  T3.  Xhe  rate  at  which 
the  calorimeter  is  gaining  or  losing  heat  through  outside  influences  is 
calculated  as  in  Regnault's  experiments  from  the  temperatures  of  the 
calorimeter  previous  and  subsequent  to  the  passage  of  the  gas.  These 
temperatures  were  read  through  a  telescope  at  intervals  of  one  minute 
during  a  series  of  observations.  The  temperatures  T^  of  the  air,  and 
Tj  of  the  heater,  were  noted  from  time  to  time.  T^  is  a  thermometer 
g;iving  the  temperature  of  the  emergent  column  of  T3. 

In  the  earlier  experiments  the  mass  of  gas  contained  in  A  was 
determined  by  finding  the  weight  of  mercury  necessary  to  fill  it  under 
the  requisite  pressure  Allowing  for  the  compressibility  of  mercury, 
the  volume  of  A  was  thus  found,  and  the  mass  of  gas  filling  it  at  the 
same  temperature  and  pressure  calculated  from  the  results  of  Amagat's 
experiments.  In  the  later  experiments,  however,  the  mass  of  gas  was 
directly  measured  by  an  arrangement  originally  due  to  Chabaut,  the 
gas  being  allowed  to  issue  slowly  through  a  tap  Q,  R  being  closed,  and 
its  volume  measured  at  atmospheric  pressure. 

The  pressure  was  measured  by  a  closed  air  manometer  P.  Pressures 
Tanging  from  5  or  6  atmospheres  to  nearly  150  atms.  were  employed. 

The  construction  of  the  heater  will  be  seen  in  the  figure.  In  some 
experiments  water  or  alcohol  was  kept  boiling  in  S,  in  others  a 
fractional  distillate  of  petroleum  was  used.     The  temperature  of  T2 


980  THEORY  OF  HEAT  oKir.  it 

vaa  thus  varied  from  below  100°  C.  to  about  200°.  A  condenaer  (ml 
represented)  was  attached  to  M  and  returned  the  condensed  liqnid 
to  S. 

In  order  to  diminish  as  far  as  possible  th«  passage  of  heat  fromtbt 
heater  to  the  calorimeter,  a  screen  U  was  interposed.  This  wm  U 
first  made  of  wood  ;  afterwards  a  narrow  box  in  which  cold  water  wu 
kept  circulating  was  substituted.  The  copper  tube  passes  through  s 
«ork  in  the  upper  part  of  U. 

A  modified  form  of  calorimeter  used  hy  Lussana  in  his  later  ezpeii- 
ments  is  shown  in  Fig.  70.  In  form  it  is  similar  to  Bunsen's  in 
calorimeter  (Art.  139),  but  tbt 
portion  of  the  bulb  above  th< 
mercury  was  filled  with  amyl  *1- 
cohol.  Oil  of  vaseline  was  pound 
into  the  inner  tube  to  facUitaU 
the  conduction  of  beat  to  the  qiin' 
tube  contained  in  it.  This  sjaral 
tube  was  of  copper  and  about  i 
metres  long.  The  calorimeter  wu 
immersed  in  a  vessel  F  whidi 
was  itself  surrounded  by  anothef 
vessel  in  which  water  was  heaud. 
To  this  healer  a  condenser  vm 
attached,  and  the  supply  of  gas  to 
the  burner  was  regulated  by  * 
thermostat.  Thus  the  calorimeUr 
was  kept  at  a  temperature  almwt 
(jiiite  constant  when  no  air  »« 
being  circTilated  through  the  coils,  the  motion  of  the  end  of  the 
mercury  column  In  the  graduated  tiibe  C  being  regular  and  very  »lo*' 
The  only  gaa  experimented  on  was  air.  It  was  first  passed  througli 
the  coil  immersed  in  the  water  bath  G.  The  temperature  of  G  '^ 
given  by  the  thermometer  Q,  and  the  small  difference  of  temperatu* 
between  the  liath  aiid  the  aJr  leaving  the  coil  is  given  by  a  then""' 
couple,  of  which  one  junction  will  be  seen  near  the  bulb  of  the 
thermometer,  the  other  lieing  in  contact  with  the  issuing  air  in  I* 
The  air  then  pttssed  through  the  spiral  of  the  calorimeter,  and  tlte 
temperature  to  which  it  was  raised  was  determined  in  a  siniil*' 
The  i>as9Jige  of  the  air  cooled  the  calorimeter  and  tiw 
of  mercury  in  C  was  observed,  allowance  being  made  for  the 
slow,  regular  motion  of  the  column.  These  data  are  sufficient,  » 
the  muss  uf  air  and  the  constant  of  the  calorimeter  are  known,  to  Gi>" 
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le  specific  heat.  The  mass  of  air  was  measured  as  has  been  already 
q)lained,  and  the  constant  of  the  calorimeter  was  found  by  discon- 
dctiug  the  spiral  of  the  water  bath,  allowing  a  known  mass  of  water 
>  flow  into  the  calorimeter,  and  proceeding  as  usual. 

The  top  of  F  and  of  the  heater  was  covered  with  a  thick  layer  of 
dt,  and  in  addition  two  wooden  screens  were  interposed  between  F 
id  G.  D  and  E  are  graduated  tubes  for  altering  the  position  of  the 
lercnry  column. 

In  his  earlier  experiments  Lussana  did  not  carry  the  pressure 
jyond  about  45  atms.  Up  to  this  point  he  found  that  the  variation 
ith  pressure  of  the  specific  heat  of  a  gas  at  constant  pressure  could 
3  well  represented  by  a  linear  formula  of  the  type 

being  the  pressure  in  atmospheres,  and  a  and  b  constants.  The 
itial  and  final  temperatures  of  the  gas  were  about  95°  and  10°..  The 
llowing  table  contains  the  values  of  a  and  b  for  the  gases  experi- 
ented  on  : — 

Specific  Heat  at  Constant  Pressure 


Oas. 


Specific  Heat  at  1 
Atmosphere. 


a 


Hydrogen 
Methane 
Carbon  dioxide 
Ethylene 
Nitrous  oxide 


3-4025 

0-6915 

0-2013 

0-40387 

0-22480 


Increaite  per 

Atmodphere. 

b 


0-013300 
0-003463 
0-0019199 
0-0016022 
0  0018364 


The  value  of  the  specific  heat  under  a  pressure  of  1  atm.  is  here 
obtained  by  extrapolation,  as  the  minimum  pressure  used  was  about 
)  atms. 

An  extended  series  of  experiments  was  carried  out  on  air  and  on 
carbon  dioxide.  For  air  Lussana  gives  the  formula  (for  about  the 
same  limits  of  temperature) 

Cp  =  0-23702  +  0-0015504(p-l)-0-0000019591(7>-l)2.] 

166.  Influence  of  Pressure  and  Temperature. — Delaroche  and 
^rard  were  of  opinion  that  the  specific  heat  of  a  gas  depended  on  the 
pressure ;  but  Regnault^  who  investigated  this  point  carefully,  came  to 
^"C  conclusion  that  the  specific  heat  of  a  gas  under  constant  pressure 
^*8  sensibly  independent  of  the  pressure.  This  would  be  expected  in 
the  case  of  a  substance  rigorously  obeying  Boyle's  law  ;  but  in  the  case 
^^  gases  like  carbonic  acid,  which  deviate  considerably  from  this  law, 
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it  would  not  be  anticipated.  In  fact,  we  have  already  seen  from  Dr. 
Joly's  experiments  on  the  specific  heat  at  constant  volume  that  a 
notable  increase  of  specific  heat  with  density  occurs  not  only  in 
carbonic  acid,  but  also,  though  to  a  less  degree,  in  the  case  of  the  more 
perfect  gases,^  while  hydrogen  behaves  in  the  opposite  manner. 

The  influence  of  temperature  was  also  studied  by  Regnault,  and 
for  this  purpose  the  bath  surrounding  the  spiral  was  kept  at  different 
constant  temperatures,  sometimes  being  replaced  by  a  freezing  mixture. 
He  obtained  the  following  results  : — 

Air.  Carbonic  Acid. 


Tempemture.  Specific  Heat    |  Temperature. 


From  -srto  +   10"  0-23771       l    From  -30**  to  4-   10" 

0'  to  + 100"  0-23741  + 10**  to  4- 100' 

0°  to  +200^     I       0-23751       I  +10Uo  +210 


Specific  Heat 


0-18427 
0-20246 
0-21692 


According  to  this  table  the  specific  heat  of  air  remains  sensibly  constant, 
while  that  of  carbon  dioxide  rises  considerably  with  the  temperature, 
and  it  is  probable  that  all  gases  which  deviate  from  Boyle's  law  follow 
the  general  law  of  solids  and  liquids,  and  show  an  increase  of  specific 
heat  with  temperature.  On  the  other  hand,  a  perfect  gas,  when  used 
as  a  thermometric  substance,  shows  equal  rises  of  temperature  for  equal 
increments  of  heat 

[The  general  conclusions  arrived  at  by  Lussana  are  that  the 
specific  heat  at  constant  pressure  increases  considerably  with  the 
pressure  for  all  the  gases  experimented  on,  and  that  it  varies  also  with 
the  temperature.  In  the  case  of  air  the  rate  of  increase  with  pressure 
diminishes  at  high  pressures,  the  specific  heat  apparently  tending  to- 
wards a  maximum.  The  specific  heat  of  air  increases  with  increase  of 
temperature,  and  also  the  convexity  of  the  curve  connecting  the  specific 
heat  with  the  pressure  seems  to  diminish  with  increase  of  temperature. 
Carbon  Xhe  specific  heat  at  constant  pressure  of  carbon  dioxide  increases 

rapidly  with  the  pressiire,  attaining  a  maximum  in  the  neighbourhood 
of  1 10  atms.,  after  which  it  diminishes.  At  pressures  below  50  atms. 
the  value  of  Cp  increases  with  temperature,  but  at  high  pressures  it 
diminishes  considerably  as  the  temperature  rises.^ 

The  view  expressed  by  Lussana,  that  the  specific  heat  of  air  tends 
to  a  maximum  was  confirmed  by  A.  Witkowski  *  by  experiments  at 

*  Such  an  increase,  or  decrease,  becomes  (luite  intelligible  when  the  existence  of 
groups  of  molecules  is  recognised  as  pointed  out  in  Art.  52. 

2  It  should  be  remarked  that  the  COj  liquefied  in  the  calorimeter,  so  that  its 
latent  heat  is  included  in  the  sj)ecific  heat. 

^  BuU.  (1c  VAcaii.  des  Sciences  de  Cra^ovie^  p.  290,  Oct.  1895. 


dioxide. 
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•w  temperatures,  using  a  modified  form  of  the  method  of  Regnault 
id  K  Wiedemann.  The  quantity  of  air  used  in  an  experiment  was 
leasured  directly  by  the  balance.  Pure  dry  air  was  compressed  ta 
[)  or  100  atmospheres  in  steel  or  copper  flasks,  and  a  known  quantity 
.3  to  60  grammes)  was  passed  through  a  refrigerator  and  then 
trough  the  calorimeter.  The  temperature  of  the  refrigerator  was 
iven  by  a  hydrogen  thermometer,  and  the  difference  of  temperature 
atween  the  refrigerator  and  the  air  just  at  the  entrance  to  the 
ilorimeter  by  a  thermo-couple  of  copper  and  nickel  Witkowski 
mnd  that  the  specific  heat  of  air  at  constant  atmospheric  pressure  is 
jnsibly  independent  of  the  temperature,  its  value  being  0*2372  in 
dories.  A  small  departure  at  the  lowest  temperature  was  attributed 
>  a  change  in  pressure 

The  variation  of  the  specific  heat  with  pressure  was  not  measured 
irectly,  but  calculated  from  the  determinations  of  the  dilatation  of 
r  referred  to  in  Art.  125.  Writing  the  result  of  Ex.  24,  Art  349^ 
1  heat  units,  we  have 

^'=^'-.iyT> <*> 

« 

hen  Cj  is  the  specific  heat  at  constant  atmospheric  pressure  and  has 
le  value  0*2372  for  all  temperatures,  and  t  is  the  absolute  tempera- 
ire.     Now  with  the  notation  of  Art.  248 

l  +  aptt 

here  tjq  is  independent  of  6 ;  therefore 

P  P 


herefore,  writing  a  for  a^  to  avoid  cumbrousiiess. 


nd  this  foi-mula  furnishes  a  means  of  calculating  {d'-v/dO-)^,  since  the 
erms  on  the  right-hand  side  can  be  obtained  graphically  from  the 
urves  of  Fig.  49,  Art.  125.  As  Witkowski  used  the  hydrogen  scale 
rt  measuring  6,  we  may  put  drvjdr-  =  d'h^/d6'\  and  therefore  obtain  the 
alues  of  Cp  for  various  pressures  and  temperatures  from  equation  (1). 
'ig.  71  shows  Witkowski's  curves  for  the  variation  of  C^  with  pressure 
t  various  temperatures.] 
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^^7.  Dlfferflnce  of  the  Two  SpeelBc  Heats. — A  perfect  gu  ta 
UBually  considered  aa  an  ideal  aubatance  whoee  molecules  are  OQlnde 
the  sphere  of  each  other's  attraction.  When  such  a  substance  ezpud< 
no  work  will  be  spent  in  separating  the  molecules  further  apart,  Swifj 
supposition  they  do  not  attract  each  other.  The  whole  work  dona 
during  ft  change  of  volume  will  consequently  be  external  Thai,  if 
the  volume  changes  from  c,  to  fj  under  a  constant  pressure  p,  tb 


Fig.  Tl.— Vnrisllou  of  Biwciflc  Hut  of  Air 

external  work  is  p{i-^  -  i\).  Now  the  specific  heat  at  consUnt  volun" 
€p  is  the  ((iiantity  of  heat  required  to  raise  the  temperature  of  n"' 
mass  l**  C.  when  the  volume  is  kept  constant,  and  the  specific  h^ 
under  constant  pressure  Cp  will  exceed  this  merely  by  the  thorni* 
equivalent  of  the  work  done  under  constant  pressure,  while  the  M* 
perature  chjinges  by  V  C.     We  have  therefore 

.T(C,,-C,)-j.|.-5-i>,)=R(e,-e,), 
or,  since  the  difference  of  temperature  is  one  degree,  it  follows  that 
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J(Cp-C.)  =  R, 

dng  Joule's  equivalent.  This  equation,  combined  with  a  knowledge  * 
dther  specific  heat,  determines  the  other,  or  combined  with  their 
5,  or  any  other  relation  connecting  them,  determines  both. 
The  experimental  examination  of  the  assumption  made  here,  namely,. 
<  no  internal  work  is  done  when  a  gas  expands,  or  rather  that  in 
case  of  ordinary  gases  the  internal  work  is  very  small,  was  first 
ertaken  by  Joule. 

[To  calculate  the  value  of  Cp  -  Cp  we  may  make  use  of  the  value 
ady  given  for  E  (Ex.  3,  Art.  96)  in  the  case  of  hydrogen 

hat  if  ft  is  the  molecular  weight  of  any  gas,  putting  J  =  4r8  x  10^,. 
get 

^      ^      R    2R^     1-984 
Cp-C,=  j  =  -j^=-^  approx. 

This  formula  assumes  the  equation  for  a  perfect  gas.  Witkowski 
calculated  the  values  of  C,  for  different  pressures  and  temperatures 
means  of  the  more  general  relation  given  in  Ex.  (1),  Art.  349, 


J(Cp-C.)=-^-9^:-'" (U 


T   KdrJr 

\dv)r 

ting,  as  in  the  preceding  article,  p'  =  ^q^'o*  ^®  S®** 

/dv\  drj 

''-^\d-p)r=^'''W 

5nce 

dp 

^  substituting  in  equation  (1),  we  have 

s  values  of  dp/dr  and  dij/'dp  were  obtained  by  Witkowski  from  the 
^ts  of  his  experiments  on  the  pressure  coefficient  and  compres- 
^ty  of  air  (see  Art  248).  He  found  that  C,  increased  with  the 
^ure  when  the  temperature  was  constant,  and  this  increase  was 
^ch  more  rapid  at  low  temperatures.  The  value  of  y,  or  the  ratio- 
^he  two  specific  heats  thus  obtained,  increased  with  pressure.  At 
^^tant  pressure  y  increased  rapidly  as  the  temperature  diminished, 
tuning  a  maximum  in  the  neighbourhood  of  -  120  C.  This  is 
^ut  the  critical  temperature  of  oxygen.  At  the  critical  point  y 
ist  be  infinite.] 


286  THEORY  OK  HEAT  oHir.  it 

6^68.  Joule's  Experiment. — In  determining  the  heat  developed  by 
coinpressing  air  in  a  vessel.  Joule  was  struck  by  the  accuracy  with 
which  it  represented  the  equivalent  of  the  work  spent  in  efiecting  the 
uotupression,  and  similarly,  the  qunntity  of  heat  lost  during  expaniioD 
appeaced  to  be  accurately  the  equivalent  of  the  work  done  against  tlie 
external  pressure.  He  consequently  determined  to  investigate  if  the 
tcm)iGniture  of  a  gas  changed  when  the  volume  merely  incresMd 
without  doing  external  work.  For  this  purpose  two  receivers,  A  and 
B(Fig.  72),  which  were  connected  togethcrbymeansof  a  tube  furnished 
with  a  stopcock,  were  immersed  in  a  bath  of  wat«r,  which  acted  tlie 
part  of  a  calorimeter.  One  of  the  receivers,  A,  was  filled  with  dry  sir  »t 
a))out  22  atmospheres,  and  the  other  was  exhausted.  Tbe  wat«r  vs> 
thoroughly  stirred,  an<I  its  temperature  noted  by  means  of  a  very  Miui- 


tivc  themiouieter  reading  to  Tti^  of  a  degree  F.  The  stopcock  w" 
then  opened  by  mctkiis  of  a  key,  and  the  air  allowed  to  pass  from  A  to 
h  till  eiiuililirium  was  estiUilished.  The  water  was  ngain  stirred,  uid 
the  ti'nipemture  was  fonnd  not  to  have  changed  by  any  appreciable 
amount.  Hih  conclusion  was  that  "no  change  of  temperature  occurs 
when  ail-  i^  allowed  to  cxjiand  in  such  a  manner  as  not  to  develop 
mechanic'al  puwcr." 

In  Older  to  anjilyso  this  experiment.  Joule  inverted  the  receiven 
as  shown  in  Fij;.  "3,  each,  as  well  us  the  connecting  pipe,  being 
immersed  in  a  septtnitu  b;(th.  When  the  air  compressed  in  A  wU 
allowed  ixa  hefore  to  ex|>iind  into  the  exhausted  vessel  B,  the  tempera- 
ture of  the  bath  cimtainin};  A  fell,  while  that  containing  B  rose,*" 
well  as  that  containing  the  connecting  pipe  C,  the  heat  lost  by  A 
being  exactly  ('iinijH'nsiit<'d  liy  that  gained  liy  B  and  C,  a  small  erW 
arising  only  from  those  parts  of  the  pipe  which  were  not  immersed  m 
water. 

From  these  experiments  '  it  follows  that  no  internal  work  is  doM 

'  An  HliiiI"KOii!'  e\]K'iiiiieiit  liad  bwii  [imviouslj  made  by  Uay-Lusiac  (ifiwo"^ 
•CArtutil.  1*07).  Tills  iiiolhod,  lii>«ever,  in  not  Biiecrptible  of  any  e:(lreniB  lielicw.'' 
M  the  tlipniiKl  <'a]>.ii'iiy  iif  the  mass  of  gaa  tin [iloyod  muit  neeeuarily  <k  '^^ 
camnneil  with  thiit  of  the  criliiriiiielerx. 
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by  a  gas  during  expansion,  or,  in  other  words,  the  molecules  are  so  far  Joule 
removed  from  each  other  as  to  be  practically  out  of  the  sphere  of  each  ^^'^ 
other's  attraction.     This  is  not  rigorously  the  case  with  ordinary  gases,  bypoi 
which  do  not  accurately  obey  Boyle's  law,  but  only  holds  for  the  ideal 
perfect  gas,   to  which  the   permanent  gases   of  nature  approximate. 
The  deviations  of  ordinary  gases  from  the  ideal   state  have  been 
investigated  by  Joule  and  Thomson  by  another  method,  which  will  be 
described  later  (Chap.  VIII.). 

0f59.  Fundamental  Equation  for  a  Perfect  Gas. — We  are  now  in  a 
position  to  write  down  the  fundamental  equations  connecting  the  heat 
supplied  (fQ,  the  change  of  temperature  dO,  and  the  external  work  done 
jxivy  during  any  elementary  transformation  of  a  perfect  gas.  Since  there 
is  no  internal  work,  the  heat  supplied  must  be  all  spent  in  changing 
the  temperature  of  the  gas  and  in  doing  external  work.  The  quantity 
required  per  unit  mass  for  the  former  purpose  is  C,yi6^,  where  C^  is  the 
specific  heat  at  constant  volume.     If  the  volume  changes  by  an  amount 

dv  under  pressure  p,  the  external  work  will  be  pdv,  and  the  thermal 

pdv 
equivalent  of  this  is  -|^.     Hence  the  whole,  heat  necessary  for  the 

transformation  is 

If  dQ,  and  C,;  be  measured  in  mechanical  units  (ergs),  or  if  pdo  be 
expressed  in  thermal  units,  the  symbol  J  disappears,  and  for  con- 
venience we  shall  always  suppose  that  the  former  system  is  adopted, 
and  write  the  equation  in  the  form 

This  equation,  combined  with  the  equation  pv  =  R6,  must  furnish  the 

solution  of  all  problems  concerning  the  variations  of  the  properties  of 

^  perfect  gas  under  any  stated  conditions. 

160.  Adlabatlc  Transformations. — When  the  volume  and  pressiu*e 

of  a  substance  change  while  no  heat  is  allowed  to  escape  from  it  or 

«nter  it  from  outside,  the  transformations  are  said  to  be  adiabatic. 

^^e  are  now  in  a  position  to  determine  the  relation  connecting  the 

volume  and  pressure  of  a  perfect  gas  under  such  conditions.     In  this 

<^,  since  heat  neither  enters  nor  leaves  the  substance,  we  have 

<^Q  =  0,  and  therefore 

C^e+pdv=o (1) 

Tlie  problem  before  us  now  is  to  find  the  relation  between  p  and  r, 

^^t  is,  to  eliminate  6  by  means  of  the  equation  pv  =  R6.     From  this 

^uation  we  have 

]xlv  +  vdp  =  B/W (2) 
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since  (/e  =  rf^.     Substituting  for  dS  in  (1),  and  replacing  R  by  ite 
value  Cj,  -  Cv  (measured  in  ergs),  we  obtain 

Or,  if  y  denotes  the  ratio  of  Cp  to  Cp, 

^/p    dp    ^ 
V       p 

which,  by  integration,  gives  at  once 

^  log  r  +  log  p  =  const. 
That  is 

^jirY  =  const (3) 

which  is  the  required  relation  between  p  and  v. 

Combining  equation  (3)  with  the  characteristic  equation  of  the 
gas  pv  =  KB,  we  obtain  the  adiabatic  relations  between  the  pressure  and 
temperature,  and  between  the  volume  and  temperature.     Thus 

l-y 

6/7    y   =  const (*) 

and 

er>-^  =  const (5) 

^161.  Ratio  of  the  Two  Specific  Heats  of  a  Gas. — Until  the  perfe^ 
tion  of  steam  calorimetry  by  Dr.  Joly,  no  successful  measurement  of  the 
specific  heat  of  a  gas  at  constant  volume  was  effected.  The  specific  heat 
under  constant  pressure  was  determined  by  the  methods  already 
described,  and  from  this  the  specific  heat  at  constant  volume  va» 
evaluated  by  moans  of  further  considerations  of  the  properties  of  gasea; 
such,  for  example,  as  the  formula  of  Art.  157  for  the  difference  of  the 
specific  heats.  Another  method  follows  from  the  theoretic  fomnJ* 
for  the  velocity  of  sound  in  air.  Laplace  showed  that  the  velocity 
of  sound  in  a  gas  is  determined  by  the  formula 


'•=  v/'£. 


where  P  is  the  pressure,  D  the  density,  and  y  the  ratio  of  the  two 
specific  heats.  Hence  a  knowledge  of  r,  P,  and  D  gives  a  determin** 
tion  of  y,  which  leads  at  once  to  the  value  of  C|^  when  C^  is  known. 
By  this  method  the  vahie  y  =  1*408  has  been  found  for  air. 

[This  method  has  been  applied  by  Witkowski  ^  to  check  the  result* 
obtained  from  calculations  of  the  specific  beats  (Art.  157).  The 
velocity  of  sound  in  air  was  determined  by  Kundt's  method  at  two 

*  Bull,  dc  I'Aaui.  des  Sciences  de  Craeorie,  March  1899. 
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iifferent  temperatures  (0°  and  -  78''5  C.)  and  at  pressures  ranging 
Tom  I  to  1 20  atmosphere?.  As  the  above  formula  of  Laplace  assumes 
lir  to  be  a  perfect  gas,  Witkowski  used  the  general  formula 

fs^    density       yj  \dr/4, 

in  assitmption  being  made  here  that  the  sound  is  propagated 
kdiabatically,  Le.  without  any  conduction  of  heat  from  the  compressed 
X)  the  rarefied  portions  of  gas.  For  notes  of  high  frequency  this  is 
•rery  nearly  exact.  A  correction  was  applied  for  the  effects  of 
nscosity  and  conduction.  The  results  obtained  followed  th^  same 
trend  as  those  got  by  the  specific  heats,  but  the  values  of  y  obtained 
by  the  present  method  were  uniformly  a  little  larger.  Owing  to  the 
uncertainty  of  the  correction  just  mentioned,  Witkowski  considers  the 
values  calculated  from  the  specific  heats  more  reliable. 

The  kinetic  theory  furnishes  a  method  of  calculating  the  value  of 
7  when  the  ratio  of  the  internal  energy  of  a  molecule  of  gas  to  its 
energy  of  translation  is  known.  Let  the  temperature  of  the  gas  be 
raised  I '  C.  at  constant  volume.     The  heat  required  is  C^.     We  may 

put  •  A 

^,  C.=Q  +  Q' 

^hen  Q  is  the  increase  in  energy  in  calories  due  to  increased  molecular 
'^locity,  and  Q'  is  that  due  to  increased  internal  energy  of  the  molecules. 
'  the  velocity  of  a  molecule  changes  from  V^  to  V^,,  we  have 

jQ=4(VV-v7)=l(/>»-/>i)  =  3R, 

**" 

^^  Art.  55),  80  that 

3  R    2-976 

Art  157  ;  and  if  we  know  the  ratio  Q7Q  =  ^,  we  get' 

3R  2  976 

C,  =  .^j(l-f/i)  =  --(lf^) 

C.      5  -  fi 


In  the  case  of  a  gas  whose  molecules  have  no  internal  energy 
^0,  and  y  =  |-  Kundt  and  Warburg,  by  measuring  the  velocity  of 
'Und  in  mercury  vapour  obtained  the  value  1*67  for  y,  and  Kamsay 

U 


290 


THEORY  OF  HEAT 


CHAP.  IV 


found   for  argon    1*659,    and   for  helium    1*652.     These  gases  are 
monatomic] 

]/!  62.  Method  of  Clement  and  Desormes. — The  adiabatic  equation 
pv'  -  const  le^Q«to  an  experimental  determination  of  y  first  devised 
by  MM.  Cleteent  an4  Desormes.^  A  large  flask  (Fig.  74)  is  furnished 
with  a  very  wide  stopcock  B,  which  communicates  with  the  exterior 
air,  and  also  with  a  sensitive  water  ^  manometer  m.  Initially  the  flask 
A  is  partially  exhausted,  so  that  the  liquid  stands  at  a  level  a  in  the 
manometric  tube.  The  cock  B  is  then  suddenly  opened  for  a  short 
interval,  and  again  closed.  During  this  interval  the  air  rushes  iuto' 
the  flask,  and  the  pressure  within  becomes  equal  to  that  outside ;  the 


Ki; 


r4. 


temperature,  liowever,  is  elevated  inside  in  consequence  of  the  inru«^ 
of  air.     The  Uip  ]>  ])eing  closed,  the  air  in  the  flask  cools,  and, ««  * 
consequence,  the  internal  pressure  diminishes,  and  the  liquid,  which,  > 
the  closing  of  the  tap  B,  stood  at  the  bottom  of  the  tube,  now  t\^ 
to  a  height  a. 

Let  the  i)re.ssure  of  the  atmosphere  be  }^^  t^*t  of  the  air  in  ^^ 

'  Jn„r,inl  >fe  I'/i}/s.  >/.■  Ih/f,,HcVifru\  torn.  Ixxxix.  \h  333,  1819.     See  olso  Upl**^' 
M'Wttiiffiir  Ct/cftfr,  toiM.  V.  p.   148,  etc.     From  the  nieasnrcmeuts  of  Clement  *° 
Desormes.  Laplace  ileihicetl  tlie  value  y-l'M^)^. 

-  Sulphuric  acid  wouM  be  less  ol»jection:ihle. 

•*  The  convcist!  iiH-thod  in  which  the  T)re8sure  within  the  flask  was  ini'*  • 
;,Meater  Than  tliat  of  tlu?  atmosphere,  so  that  an  outrush  occurred  when  the  tap*** 
opened,  was  lirst  u-cil  hy  <  lay-Lussac  and  Welter.     See  Ostwald'8  Outline*  of  *'^^^ 
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c  p^  before  opening  B,  and  p^  ^n&l^y  after  the  air  has  cooled  to  its 
inal  temperature. 

Then,  since  the  first  process  occurs  so  rapidly   that  it  may  be 
irded  as  adiahatic,  we  have  for  the  air  in  the  flask 

nd  Vq  being  the  volumes  of  unit  mass  of  air  before  and  after  opening 
Hence, 

7(log  t'l  -  log  Vq)  =  log  po  -  log  p^. 

r  since  the  initial  and  final  temperatures  are  the  same, 

:e  the  manometer  tube  is  narrow,  the  volume  of  the  unit  mass  of 
gas  will  not  be  appreciably  altered  by  the  small  rise  of  the  liquid 
he  tube.     Hence  ^-Jf^'Q^pJPv  ^*'^ 

log;>u^log;>i 
logics- log  yV 

quantities  p^,  p^,  p^  being  noted,  the  value  of  y  is  obtained. 

This  method  is  open  to  serious  objections,  for  it  is  difticult  to 
Ange  the  experiment  so  that  the  pressure  within  the  flask  shall  be 
ctly  equal  to  the  external  pressure  at  the  instant  the  cock  is 
s«d,  while  at  the  same  time  the  operation  must  be  conducted  so 
ckly  that  no  sensible  quantity  of  heat  has  been  communicated  by 

air  within  to  the  sides  of  the  flask.  When  the  stopcock  is  opened 
re  is  an  over- rush  ^  of  air,  and  an  oscillation  is  set  up,  that  is, 
re  air  rushes  in  at  first  than  would  fill  the  flask  at  the  external 
'Ssure.     A  back-rush  then  sets  in  and  an  oscillation  to  and  fro  of 

takes  place  through  the  orifice.  Consequently,  when  the  tap  is 
8ed  the  pressure  within  the  flask  may  be  either  greater  or  less  than 
'  external  pressure,  unless  sufficient  time  has  been  allowed  for  the 
illatory  motion  to  subside.  When  the  stopcock  B  is  wide  this 
onvenience  is  to  a  great  extent  avoided.  By  this  means  M. 
ntgen-  found  the  value  •y  =  l'4053. 

In  order  to  secure  good  results,  dry  air  should  be  used  as  well  as 
^^y  flask  for  the  aqueous  vapour  ordinarily  in  the  atmosphere  loads 
^rror.  A  modified  form  of  appanitus  has  been  described  by  M.  Em. 
^uet,'*  in  which   dry  air  was   compressed   in   a  flask  by  allowing 

Cazin,  Ann.  de  Chimie,  3^,  toni.  Ixvi.  p.  20(>. 
*  Rontgen,  Pog/j.  Ann.  vol.  cxlviii.  |i.  580,  1873. 

I'aijuet,  Journaf  de  Physique,  torn,  iv.  ]).  30,  1885.  [Another  ingeuious 
'lification  which  avoids  several  errors,  is  due  To  M.  Maneuvrier  [Comptes  /!niJus, 
^-  cxx.  j».  1398,  1895).     The  inethod  is  discussed  also  in  Buckingham's  Thcnnn- 
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mercury  to  suddenly  flow  in.  The  mercury  entered  from  below,  and 
its  surface  was  covered  with  a  layer  of  sulphuric  acid  to  prevent 
conduction  of  heat  from  the  gas  through  the  mercury.  Oscillation 
was  stopped  by  a  clip  on  the  mercury  tube. 

[Another  vaiiation  of  Clement  and  Desormes'  method  was  adopted 
by  Messrs.  Lummer  and  Pringsheim.^  The  globe  A  was  of  copper 
and  immersed  in  a  vessel  of  water.  The  temperature  of  the  water 
was  kept  constant,  and  a  continual  circulation  was  kept  up  by  means 
of  electrically-driven  screws.  A  sensitive  thermometer  immersed  in 
the  water  gave  the  temperature  of  the  gas  in  A,  and  the  sudden 
change  of  temperature  on  opening  the  stopcock  B  was  measured  by 
a  specially  constructed  bolometer.  Only  two  pressures  were  measured, 
the  original  pressure  ]\  and  the  atmospheric  pressure  p^. 

Equation  (4)  of  Art.  160  gives,  if  Gj  and  6^  are  the  temperatures 
before  and  after  opening  B, 

from  which,  by  taking  logarithms,  and  solving  for  y 


log 


7  = 


log  ^  _  log  -i 
Po  ^0 


The  values  obtained  by  several  other  physicists,  as  well  as  those 
which  they  themselves  found,  are  included  in  the  following  table  give" 
by  Lummer  and  Pringsheim,  lor,  cit.  : — 


observer. 

Air. 

Rontgfli 

1873 

1-4053 

Kayser    .         .         .         . 

1877 

1-4106 

Wiillner. 

1878 

1-405 

Pa<iuet    .         .         .         . 

]  885 

1-4038 

J.  Webster  Low 

1894 

1  -3968 

Lummer  and  Pringsheim 

1894 

1  -4025 

Maiieuvrier 

189.'. 

1  -39-25 

Oxygen. 


THoxidf. 


1-3052         1'3S^ 


''.9 


1-3977 


1*3064 

1  -29 1 
1-2995 
1  -298 


1  -4084 

l-;jS4 


163.  Method  of  Jamin  and  Richard. — The  ratio  y  of  the  specrf<^ 
heats  has  been  determined  by  MM.  Jamin  and  Richard,^  by  means  o 
the  method  of  comparison  already  noticed  (footnote,  p.  234),  the  g** 
being  heated  under  constant  pressure,  and  also  under  constant  \oW^^ 
by    means    of  a    platinum   spiral   carrying  an  electric   current    "• 


^  .-inn.  der  Pht/sik,  Hd.  Ixiv.  p.  555,  189S. 
'^  Coinpks  lUnduSf  torn.  Ix.xi.  p.  336,  1870. 
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lunning  the  current  for  a  definite  time,  a  certain  quantity  of  heat 
Q  may  be  given  to  the  gas  under  either  circumstance. 

Let  w  be  the  weight^of  the  gas,  and  0  -  Oq  the  change  of  tempera- 
ture, when  the  pressure  is  kept  constant.     Then 

and  if  with  the  same  quantity  Q  the  elevation  of  temperature  be 
0'  -  Oq  under  constant  volume,  we  have 

Q=irC,(<?'-^o). 
Hence, 

C,     e-Bo    {v-Vo)po  ' 

the  ratio  of  the  two  specific  heats  is  therefore  obtained  by  observing 
the  change  of  pressure  and  the  change  of  volume  produced  in  the  two 
cases,  the  initial  volume  Vq  and  pressure  p^  being  supposed  known. 
These  changes  are  measured  by  means  of  a  manometer  attached  to  the 
flask  which  contains  the  gas.  By  this  means  Jamin  and  Richard 
obtained — for  air,  1*41  ;  carbonic  acid,  1*29  ;  hydrogen,  1'41. 

Examples 

1.  Calculate  C,  from  the  equation  J(Cp-Cr)  =  R  for  the  gases  mentioned  in 
Ex.  3,  p.  151,  assuming  the  value  4*27  for  J  and  Regnault's  value  of  Cp  (p.  277). 

2.  Assuming  the  value  7=1  *41,  calculate  the  value  of  J  by  means  of  the  equation 

of  Ex.  1,  and  Regnault's  value  of  Cb  for  air. 

3.  Assuming  the  values  of  J  ana  R,  calculate  both  Cp  and  C,  from  the  equation 

of  Ex.  1,  and  the  value  1*41  of  7. 

4.  A  certain  quantity  of  a  gas  at  the  freezing-point  is  compressed  adiabatically, 
so  that  its  volume  is  reduced  successively  to  ^,  \f  and  i\  of  the  original  bulk,  find 
the  corresponding  changes  of  temperature. 

{Ans.  90"  C,  209"  C,  429**  C,  respectively.} 

5.  If  E  be  the  whole  molecular  energy  of  the  molecules  of  a  gas,  and  if  Ej  be  the 
♦*ii«,'rgy  of  translation,  show  that 

?.'  =  ^5f_;^'  .         .         .         .        (Clausius). 

{  Assuming  the  energy  of  a  gas  to  be  all  heat  energy 

JC.e  =  E, 

also  pv  =  %Et (Art.  65), 

but  y>u  =  Re  =  J(Cp-  Cp)e, 

whence  the  above  expression  follows. } 


\  » 
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SECTION   VII 

ON    ATOMIC   AND   MOLECULAR   THERMAL   CAPACITIES,    AND  THE 
VARIATIONS   OF   SPECIFIC    HEAT   WITH   TEMPERATURE 

*M64.  Atomic  Thermal  Capacities — Dulong  and  Petlt's  Law.— Id 
considering  the  subject  of  specific  heats  it  is  natural  to  inquire  if  the 
specific  heats  of  various  substances,  simple  and  compound,  are  in  any 
way  related  or  connected  by  any  general  law.  The  first  attempt  in 
this  direction  was  made  by  Dulong  and  Petit  ^  in  1819.  From  the 
consideration  of  the  specific  heats  of  a  series  of  simple  substances,  such 
as  iron,  lead,  gold,  silver,  etc.,  these  philosophers  concluded  that  the 
atoms  of  all  the  simple  substances  have  the  same  thermal  capacity, 
or,  in  other  words,  "  the  product  of  the  specific  heat  by  the  atomic 
weight  is  the  same  for  all  the  elementary  substances." 

The  range  of  apj)lication  of  this  law  was  investigated  by  Regnault 
in  numerous  researches  carried  on  between  1840  and  1862,  with  the 
result  that  he  found  it  held  approximately  for  most  of  the  elements 
which  ordinarily  occur  in  the  solid  state,  if  the  specific  heats  employed 
bo  taken  at  temperatures  sufficiently  below  the  melting  point  F^^ 
thirty-two  of  these  substances  the  mean  product  was  6 '38,  with 
extremes  6*76  and  5  7,  taking  the  atomic  weight  of  hydrogen  ^ 
unity. 

Tiiat  variations  from  constancy  in  this  product  should  occur  ^ 
certainly  to  be  expected,  if  it  be  remembered  that  the  specific  beat 
of  a  subsUmce  depends  on  the  temperature  at  which  the  determina- 
tion is  made,  and  also  on  the  physical  state,  whether  it  is  solio- 
liquid,  or  gaseous ;  and,  in  the  case  of  solids,  to  some  extent  on  the 
treatment  and  mechanical  actions  to  which  it  has  been  subjected- 
These  variations  will  be  considered  immediately ;  but  as  to  whether 
the  law  would  apply  rigorously  to  all  the  elements  if  taken  i" 
the  gaseous  condition  must  remain  for  the  present  to  some  exten 
a  matter  of  speculation. 

'  Dulong'  and  Petit,  Ann.  de  Chimir  et  dc  Phys.,  2^,  torn.  x.  p.  -395,  1819- 
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M.  Leray  ^  has  endeavoured  to  show  that  the  product  of  the 
ecular  weight  w  and  the  ahsolvie  specific  heat  C^  (see  Art.  136)  is 
quantity  which  has  the  same  value  for  all  substances.  lu  the  case 
El  few  gases,  he  has  calculated  the  absolute  specific  heat  from  an 
Toximate  formula,  and  the  product  trCa,  as  shown  in  the  following 
le.  In  the  case  of  solids  and  liquids  the  absolute  specific  heat 
not  be  found,  and  for  tbese  the  law  cannot  be  verified. 


Gas. 


H, 
COa 


w. 


C«. 


icCo 


2 
28 
44 


0-743475 
0-053166 
0-034131 


1  -486950 
1-488368 
1-601764 


[An  approximate  value  for  Dulong  and  Petit's  constant  has  been 
culated  by  F.  Kicharz  *  by  a  method  based  on  the  kinetic  theory. 

the  case  of  an  element  which  in  the  solid  state  obeys  Dulong 
d  Petit's  law,  and  which  in  the  state  of  gas  is  monatomic  like 
srcury  vapour,  the  total  energy  of  the  molecules  of  the  solid  element 
half  kinetic  and  half  potential.  In  the  state  of  vapour  the  energy 
all  kinetic.  But  the  mean  kinetic  energy  is  independent  of  the 
ite  of  aggregation  of  the  molecules,  being  merely  proportional  to  the 
iBolute  temperatiu-e.  Therefore  the  atomic  heat,  and  also  the  specific 
»t  at  constant  volume,  is  half  as  great  in  the  vapour  as  in  the  solid. 
his  has  been  shown  to  be  the  case  with  mercury.^  If  C,,  is  the 
»ecific  heat  at  constant  volume  for  the  vapour,  and  c„  for  the  solid, 
len  Cp=  2Cp,  and  using  the  value  given  for  C,,  in  Art.  161,  we  get, 
nee  i3  =  0  for  a  monatomic  gas, 

Cpfx  =  5-9f)2. 

Lccording  to  Kicharz,  the  ratio  Cp/c^  for  many  metals  lies  between 
'01  and  1  04  in  the  solid  state,  so  that 

Cj^  =  6-01  to  6-19.] 

165.  Extensions  of  Dulongr  and  Petit's  Law — Molecular  Thermal 
'&paeities. — An  extension  of  the  law  of  Dulong  and  Petit,  by  which 
^he  specific  heat  of  a  compound  might  be  inferred  from  those  of  its 
^nstituents,  was  suggested  by  Woestyn,*  on  the  supposition  that  the 

*  Leray,  Ann,  de  Chimie  et  de  Phys.,  6<^.  torn.  xxv.  p.  89,  1892. 

'  Ann,  der  Physik,  Bd.  Ixvii.  p.  702,  1899.     See  also  H.  Staigmiiller.  An/i.  df.r 
^*y»i^,  Bd.  Ixv.  p.  670,  1898. 

'  Lothar  Meyer,  Modemc  ThcorUii,  p.  109,  1884. 

*  Woestyn,  Ann.  de  Chimie  et  de  Phys.,  3^  toiii.  xxiii.  p.  295,  1848. 
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atoms,  when  in  combination,  preserve  their  original  thermal  capa^sitiea, 
and  consequently  that  the  thermal  capacity  of  a  molecule  of  any  com- 
pound is  equal  to  the  sum  of  the  thermal  capacities  of  its  constituento. 
Thus,  if  there  bo  w^,  n^,  n^  etc.,  atoms  of  atomic  weights  w^,  w^  tCp 
etc.,  in  the  molecule,  then  the  molecular  weight  is 

W  =  III  u\  +  n^w^  +  HiW^  +  etc. , 

and  if  the  specific  heats  of  the  constituents  be  s^,  s^  s^  etc.,  while  that 
of  the  compound  is  s,  we  have  under  the  supposed  condition 

In  this  equation  w^s^y  w^^  etc.,  are  the  thermal  capacities  of  the 
corresponding  atoms,  and  if  these  are  each  equal  to  the  mean  value 
6  38  given  by  Dulong  and  Petit's  law,  we  have 

Ws  =  (Mj  +  w^  +  7i3  .  .  .  )6-38  =  6-88N, 

a  formula  which  has  been  verified  by  Regnault^  in  the  case  of 
metallic  alloys,  the  constituents  of  which  were  taken  in  proportions 
which  were  multiples  of  their  atomic  weights.  The  constant  6'38 
was,  however,  not  maintained,  but  increased  considerably  when  the 
temperature  approached  the  fusing  point  of  the  alloy. 

The  general  equation  (1),  being  supposed  established,  may  he 
employed  to  determine  the  specific  heat  of  any  element  in  combina- 
tion  with  othei^  of  known  specific  heats.  Thus,  if  all  the  quantities 
which  occur  in  the  equation  be  known  except  s,  then  the  value  of  ^ 
becomes  determined.  By  this  means  H.  Kopp  -  has  shown  that,  as 
previously  announced  ])y  Garnier,**  the  specific  heat  of  water  in  com- 
bination in  the  various  hydrates  is  the  same  as  that  of  ice,  that  is, 
water  substance  in  the  solid  state, 
umanu's  While  investigating  the  specific  heats  of  compounds  of  the  same 
general  formula  Neumann  ^  found  that  the  product  of  the  molecular 
weight  and  specific  heat  remained  constant  for  all  compounds  belong- 
ing to  the  same  general  formula  and  similarly  constituted,  but  that  tne 
product  varied  from  one  series  to  another.  This  is  known  ^ 
Neuniann's  law. 

^^1 66.  Variation  of  Specific  Heats  with  Temperature.— The  con- 
siderations brought  forward  in  Art.  52  lead  us  to  suspect  that  tne 
specific  heat  of  any  substance  may  change  (either  increase  or  decrease; 

•  Re^rnault,  Jnn.  dc  Chimic  ct  dr  Phys.^  3®,  torn.  i.  p.  129,  1841. 
-  Lifbig.  Ann.,  Supplement,  vol.  iii.  pp.  1  and  289. 
^  Gariiier,  Cow  pies  Jlendus,  torn.  xxxv.  p.  278,  1852. 
^  F.  E.  Xeuinaiin,  Pogf/.  Ann.,  vol.  xxiii.  p.  1,  1831. 
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as  the  temperature  varies.  The  idea  that  the  specific  heat  of  a 
substance  is  not  the  same  at  all  temperatures  seems,  to  have  been 
suggested  by  Dalton.  He  supposed  that  a  certain  quantity  of 
heat  was  employed  in  producing  the  dilatation  which  accompanies 
changes  of  temperature  in  bodies,  and  that  therefore  as  tlie  dilata- 
tion for  1"  change  of  temperature  varies,  the  quantity  of  heat 
necessary  to  effect  the  change  of  temperature  must  vary  also.  He 
concluded,  consequently,  that  the  thermal  capacity  of  a  given  mass 
of  a  substance  varied  with  the  temperature,  but  that  the  thermal 
capacity  of  a  definite  volume  remained  constant.  This  idea,  however, 
was  not  founded  on  any  experimental  investigation  of  the  variations 
of  specific  heat  with  temperature,  and  it  can  therefore  only  be  regarded 
as  a  conjecture.  The  first  comprehensive  series  of  experiments  on  the 
subject  were  made  by  Dulong  and  Petit,^  who  found  that  the  specific 
heats  of  all  the  substances  examined  by  them  increased  gradually  with 
the  temperature,  and  the  general  truth  of  their  conchisions  has  been 
confirmed  by  the  results  of  the  experiments  made  by  all  subsequent 
investigators. 

The  law  which  governs  the  variations  of  specific  heat  with  tempera- 
ture is,  however,  still  unknown.  It  has  been  merely  ascertained  that 
the  specific  heat  in  the  vast  majority  of  cases  increases  with  the  tem- 
perature, and  may  be  represented  by  some  general  formula  of  the 
'Vpe 

^here  the  coeflScients,  a,  ft,  c,  etc.,  must  be  determined  for  each  series 
>f  experiments,  and  the  formula  then  cannot  be  regarded  as  containing 
tn J  law  which  applies  beyond  the  range  of  the  series,  but  must  be 
'egarded  merely  as  a  convenient  mode  of  representing  the  results  of  a 
Articular  series  of  experiments  with  more  or  less  approximation. 

The  majority  of  solids  exhibit  only  a  small  increase  of  specific 
*©at  as  the  temperature  rises,  until  the  melting  point  is  approached. 
^  ear  the  melting  'point,  however,  the  specific  heat  may  change  rapidly, 
-specially  in  the  case  of  amorphous  substances  which  pass  gradually 
'**to  the  liquid  state,  as  already  noticed  in  Art.  135.  A  few  substances, 
'^ovever,  show  large  variations  of  specific  heat  with  temperature,  and 
^^e  most  noted  of  these  is  carbon,  which  exists  in  several  varieties. 
*^  dimerous  experiments  have  been  conducted  from  time  to  time 
^^  the  specific  heats  of  the  several  varieties  of  carbon,  chiefly  on 
^^coiint  of  the  wide  deviation  of  this  element  from  the  law  of  Dulong 

^  Dulong  and  Petit,  Ann.  dc  Chimie  cl  de  Physique,  2*^,  torn.  vii.  p.  1 17  ;  toiii. 
*•  U  395. 
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and  Petit.  The  results  obtained  by  different  observers  are  given  in 
the  following  table,  and  the  discrepancies  between  the  several  values 
obtained  for  the  same  substance  appeared  to  F.  Weber  ^  to  be  quite  too 
large  to  be  accounted  for  bj  experipiental  errors  or  impurities, 
he  considered  that  tney  mu'^t  depend  upon  some  source  of  varii 
of  specific  heat,  such  as  change  of  temperature. 


"ariatioD 


Wood 
Charcoal. 

Gas  Coal. 

1 

,    0-2036 

1 

'     Native 
1  Graphite. 

0-2017 

Fiimace 
Graphite. 

0-1970 

1 
Diainoud. 

Temperature 
Intenal. 

0-2415 

0-1469 

8"  to  98' 

-0-2009 

... 

1 
i 

•  •  « 

01146 

3'  to  14-' 

0-185 

;    0-174 

0-165 

•  •  • 

22**  to  5-2' 

■•• 

0-2006 

1 

01919 

0-1920 

0-1452 

22°  to  70° 

1 

Observer. 


Regnault 

De    la     Rive  \^., 

and  Marcet  j 

Kopp    . 

Wivllner  ami  ) 

Bettendorf  j 


It  may  be  noticed  from  the  table  that  the  specific  heat  is  less  for 
the  crystalline  variety  diamond  than  for  the  porous  varieties,^  and  that 
assuming  the  correctness  of  the  experimental  work,  those  determiua- 
tions  which  were  conducted  at  the  lower  temperatures  gave  the  lesser 
specific  heat,  and  this  suggests  a  rapid  increase  of  specific  heat  with 
the  temperature. 

To  test  this  point  Weber  executed  a  careful  series  of  experiments 
at  dif^'erent  temperatures  with  Bunsen's  ice  calorimeter,  and  found 
that  the  mean  specific  heat  of  diamond  between  0"'  and  0°  may  ^ 
represented  by  the  formula 

8,n  =  0  0947  +  0-0004970  -  0 -0000001 2ff^ 

between  0'  and  200'  C. 

The  specific  heat  .s'  at  any  temperature  6  will  therefore  be  fouiw 
from  the  equation 

-if 


That  is 


.s  =  O-O947fOOOO9940- 0-00000036^. 


Thus,  at  200    C.  the  specific  heat  of  diamond  is  more  than  three  times 
its  value  at  zero. 

^  F.  Wel.er,  Poirj.  Amu,  vol.  cliv.  pp.  367,  553;  Phil.  J/ii^.,  vol.  xliv.  I'- 
•2r>l.  1872. 

-  This,  as  Dr.  Joly  lias  observed,  appears  to  hold  for  several  other  erystal'io 
substances  {Proc  Porj.  Soc,  vol.  xli.  p.  250,  1886). 
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For  temperatures  above  200°  C.  the  water  calorimeter  was  used, 
t  the  experiments  were  not  so  reliable.  Similar  variations  were 
md  in  the  case  of  silicon  and  boron,  so  that,  although  these  elements 
5med  at  first  to  overthrow  the  generality  of  Dulong  and  Petit's  law, 
e  large  variations  of  specific  heat  with  temperature  show  us  that  the 
plicability  of  the  law  to  any  element  depends  on  the  temperature  at 
lich  the  specific  heat  is  determined. 

Among  liquids,  alcohol  appears  to  change  considerably  in  specific 

at,  and  according  to  the  experiments  of  Hirn  attains  a  value  1*11389 

160"^  C,  which  is  superior  to  that  of  water  at  100°  C.     The  whole 

estion  of  variation  of  specific  heats  with  temperature  still  calls  for 

•ther  investigation. 

The  following  table  contains  the  results  of  Regnault's  experiments 
a  few  liquids  : — 


LiqiH^i.  Quantity  of  Heat  Q  =/«?«.  TellTwratm 


I 


Tftter  .  ^  +  0-00002^       +0-0000003^  0' to     200' 

Icohol     .  .  0-547.55<?  +  0-0011218^'«   +0-000002206^  -23"to+   66' 

Issenceof  turi»entine  0'41508<? -t- 0*00061935^2  -  0-0000013274<?»  0"  to     150' 

arbon  bisulphide     .  0-23523<?  + 0*000081 51 6^'-  -30"to+   40' 

Ither        .  .         .  0-52899^ +  0-00029587^  --20^0+   30 

Uloroform        .         .  0-23234^  +  0-000050711^  -30'to+60 


The  variations  in  the  specific  heat  of  water  at  different  temperatures 
e  discussed  in  the  next  section  in  connection  with  the  determination 
the  mechanical  equivalent  of  heat. 

167.  Influence  of  Change  of  Density  and  State. — Besides  the 
•ge  changes  of  specific  heat  which  occur  when  a  body  passes  from  the 
lid  into  the  liquid  or  gaseous  conditions,  it  is  found  that  other  small 
riations  accompany  such  alterations  as  the  changes  of  density  of 
Uds  caused  by  hammering.  As  a  general  rule,  the  specific  heat  of 
nietal  is  diminished  when  the  density  is  increased  by  hammering. 
It  in  many  cases  the  changes  are  negligible.  Thus  in  the  case  of 
eel,  lead,  and  tin,  hammering  does  not  sensibly  aflfect  the  specific 
^t,  but  in  the  case  of  annealed  copper  the  specific  heat  is  reduced 
om  009501  to  0*0936  by  hammering. 

A  more  marked  difference  occurs  in  the  specific  heats  of  the 
uotropic  varieties  of  some  substances.  Thus,  for  carbonate  of 
^Icium  in  the  state  of  aragonite  or  spar  it  is  0*2085,  and  for  chalk  it 
^0*2148,  and  for  marble  0*2158.  The  case  of  carbon  in  its  diff*erent 
•'^neties  has  been  mentioned  in  the  previous  article,  and  on  account  of 
'he  variations  of  specific  heat  with  temperature,  it  is  very  probable 
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that  there  are  temperatures  at  which  the  specitic  heats  of  the  allo- 
tropic  varieties  of  all  substances  are  the  same.     In  the  case  of  carbon 
Kopp  surmised  that  the  difference  between  the  specific  heats  of  the 
o|)aque  varieties  and   diamond  arose  from  the  action  of  gases  and 
vapours  condensed  in  the  pores  of  these  varieties,  and  to  the  heating 
action  which  occurs  when  porous  substances  are  immersed  in  water. 
In  order  to  test  this  point  Wiillner  and  Bettendorf  conducted  a  series 
of  experiments  in  which  the  heating  action  arising  from  the  moisten- 
ing of  the  porous  varieties  was  avoided.     They  found,  as  shown  in  the 
foregoing  table,  that  the  specific  heats  of  the  opaque  varieties  are  not 
equal    to   that  of   diamond,   and    that  Kopp's  assumption   was  not 
justified.      According  to   Weber,   however,   all  the  oi)aque  varieties 
of  carbon  have  the  same  specific-  heat  when  proper  precautions  are 
taken  to  avoid  moistening  the  porous    varieties  by  enclosing  them 
in  gealed  glass  tubes  din-ing  the  experiment.     At  the  temperature  of 
red-heat,  when  diamond  is  not  distinguishable  from  the  other  varieties, 
Weber  considered  that  the  specific  heats  of  all  are  equal,  and  that  this 
rule  applies  to  all  other  polymorphous  bodies. 

The  specific  heat  of  a  substance  is  generally  very  different  in  the 
three  states  of  matter — solid,  liquid,  and  gaseous.  In  general,  the 
specific  heat  in  the  solid  state  is  much  less  than  in  the  liquid,  hut 
sometimes  the  specific  heat  of  the  gas  is  very  nearly  the  same  as  that 
of  the  solid.  For  example,  the  specific  heat  of  water  is  nearly  twice 
that  (A  ice  or  of  water  vapour.  This  is  shown  by  the  following 
table  : — 


Holid. 

Liquid. 

(tas. 

Bromine 

0-08432 

0-107 

0-05552 

Water    .          .   '      . 

rO-474\ 
X  0-504/ 

1-000 

0-477 

Mercury 

0-03136 

0-03382 

Pliosphorus     . 

r01740\ 
\0-1887/ 

0-2405 

1 

Tin         .         .         . 

0-05623 

0-0637 

1 

Bisniiitli 

0-0308 

0-0363 

•  •  ■ 

Lead 

0-031 4 

0-0402 

1 

Iodine    .         .         .         . 

0  0541 

0-1082 

1 

■  •  •                 ' 

Alcohol  .          .         .         . 

... 

0-5475 

0-4534 

lii-siilphide  of  carbon 

0-23.'>2 

:     0-1569 

Ether      .         .         .         . 

... 

0-5290 

'     0-4797 

For  the  metals  the  change  of  specific  heat  arising  from  fusion  is  sni*'^' 
being  of  the  same  order  as  the  change  of  specific  gravity. 


SECTION  VIII 


ON   THE   DYNAMICAL   EQUIVALENT   OF   HEAT 

168.  Joule's  Experiments. — The  development  of  the  dynamical 
scry  of  heat  has  been  briefly  sketched  in  Arts.  30-42  from  the  time 
Rumford  and  Davy  (who  first  placed  it  upon  an  experimental  l)asis) 

to  the  middle  of  the  present  century,  when  Joule  completed  'his 
lebrated  experiments  on  the  dynamical  equivalent,  and  forced  the 
Delusions  of  Rumford  and  Davy  upon  the  attention  of  the  scientific 


Fig.  75.— Joules  Apixaratiw. 

Hd.  These  experiments  have  been  already  described  in  outline 
n;.  35),  but  on  account  of  the  great  importance  of  the  dynamical 
'Uvalent  as  a  physical  constant,  as  well  as  the  fundamental  bearing 
the  principle  of  equivalence  in  the  theory  of  heat,  we  shall  now 
W  into  a  more  detailed  description  of  the  investigations  made  in 
^  department — investigations  which  would  well  merit  a  special  atten- 
'^'i  if  only  as  examples  of  the  highest  class  of  experimental  research. 
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Of  the  various  metliods  employed  by  Joule  for  estimating  the 
value  of  the  dynamical  equivalent,  that  which  he  was  finally  led  to 
prefer  to  all  others  was  the  direct  method  of  simply  stirring  a  quantity 
of  water  by  means  of  a  paddle-wheel — the  work  spent  in  turning  the 
imddle,  and  the  heat  generated  in  the  fluid  by  friction,  being  both 
accurately  measured. 

The  nppiiratus  employed  in  these  experiments  is  shown  in  Fig.  75. 
The  water  was  contained  in  a  copper  vessel  AB,  which  we  shall  refer 
to  as  the  calorimeter.  The  lid  of  this  vessel  fitted  water-tight^  and 
was  furnished  with  two  tubulures — one  to  receive  the  axis  of  the 
levolving  paddle,  and  the  other  for  the  insertion  of  a  thermometer, 
which  registered  the  temperature  of  the  apparatus.  The  paddle  was 
made  of  brass,  and  consisted  of  eight  setB  of  revolving  arras,  which 
worked  between   four  sets  of  stationary  vanes  fixed  to  the  Inime 

of  the  vessel.      Fig.    76  represents  a 
vertical  section,   and   Fig.   77   a  hori- 
zontal section  of  the  calorimeter  and 
paddle,  the  revolving  arms  being  marked 
a  and   the   stationary   vanes  />.      The 
axis  of  the  paddle  worked  freely  (but 
without  shaking)  on  its  bearings,  and 
was  interrupted  at  d^  by  a  cylinder  of 
boxwood,   whicli  prevented  conduction 
of  heat  to  or  from  the  calorimeter. 
The  j)addle  was  set  in   motion  l>y 
f,   suspended    by   string   from   the   rollers  W',  ^A 
of    the    wooden    pulleys    ^/,   a.       These    pulleys   were    supported  by 
their  steel  axles  '•,  c,  on  brass  friction  wheels  dd,  dd^  dd,  dd.    The 
weights  which   set    the    apparatus    in    motion  were  suspended  over 
the    pulleys    by    tine    twine,    which    was    wound    doubled    on  the 
central  roller  /,  so  that  the  pirts  passing  over  the  pulleys  left  the 
roller  at  the  same  level,  and  produced  a  couple  round  its  vertic.d  axis» 
thus  avoiding  the  horizontal  thrust  which  would  otherwise  be  brought 
into  i>lay.     The  roller  could  be  detached  from  the  paddle  at  pleasure 
by   withdrawing  the  })in  y),  so  that  the  weights  could  be  wound  up 
.without  turning  the  jKuldle  in  the  calorimeter.     The  wooden  stooM^ 
on  which  the  calorimeter  stood,  was  perforated  by  a  number  of  trans- 
verse slits  cut  out  in  such  a  marnier  that  the  metal  came  in  contact 
with  the  wood  at  ordy  a  few  points,  while  the  air  had  free  access  to 
almost  every  part  of  it.     lu  this  way  loss  of  heat  by  conduction**^ 
avoided,  and  radiation  from  the  person  of  the  experimenter  was  cut 
otr  by  a  lart'c  wooden  screen. 


Ki^'. 


leaden    weights 


Ki; 
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In  making  an  experiment  the  temperature  of  the  calorimeter  was 
pertained,  the  weights  were  wound  up  by  placing  the  roller /in  the 
md  h^  and  the  roller  was  then  pinned  to  the  axis  of  the  paddle. 
16  height  of  the  weights  above  the  ground  (about  5  J  feet)  having 
ten  exactly  determined  by  means  of  the  graduated  slips  of  wood  kk, 
le  roller  was  set  at  liberty,  and  allowed  to  revolve  till  the  weights 
ached  the  floor.  The  roller  was  then  unpinned  and  placed  in  the 
and  h,  while  the  weights  were  wound  up  again,  and  the  friction  of 
le  water  was  renewed.  After  tliis  opei-ation  had  been  repeated 
verity  times,  the  experiment  was  concluded  with  another  observation 
:  the  temperature  of  the  apparatus.  The  mean  temperature  of  the 
boratory  was  determined  by  observations  made  at  the  commence- 
lent,  middle,  and  termination  of  each  experiment ;  and  previous  to, 
r  immediately  after,  each  experiment  a  test  was  made  as  to  the  effect 
i  radiation  and  conduction  of  heat  to  or  from  the  atmosphere  in 
aising  or  depressing  the  temperature  of  the  apparatus. 

The  following  table  is  selected  froui  Joule's^  memoir,  and  will 
sufficiently  indicate  the  mode  of  procedure.  The  leaden  weights, 
together  with  the  string  attached,  weighed  203066  grains  and  203086 
grains  respectively.  Their  velocity  on  reaching  the  floor  was  2*42 
nches  per  second,  and  the  time  occupied  by  each  experiment  (twenty 
alls)  was  thirty-five  minutes.  The  total  fall  of  the  weights  during  an 
-xperiment  was  therefore  the  sum  of  the  heights  passed  over  in  twenty 
falls  :— 

'  Joule,  Phif.  Tram.  Itt/y.  Soc.,  1850,  pt.  i. 
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I. 


II. 


III. 


IV. 


V. 


VI. 


No.  of  Exi>erinieiit     Total  Fall    TMm'^.?«. 

and  Caiwe  of  CliaiiKe   of  WHght«     t"lj'7" 

of  Tempenitur*'.        in  IncheM.     t]ip  j^ji- 


DifTervnce 

bntwe^n  Mmn 

of  V.  and  VI. 

and  III. 


T«»mperature  of 
Apiiaratua. 


Initial.   >    FinaL 


1. 
1. 

Friction 
Radiation 

2. 
2. 

Friction 
Radiation 

0. 

5. 

Friction 
Radiation 

6. 
6. 

Radiation 
Friction 

7. 
7. 

Radiation 
Friction 

1256*96 
0 

1255-16 
0 


57*698 
57-868 

58*085 
58*370 


1251*81  60*940 

0  61  -035 

0  59*675 

1254-71  59*919 


0  59*888 

1254  02      60  076 


20.  Radiation 
20.  Friction 


0  60-567 

1261*94      60*611 


21.  Friction         ,  1264*07      58*654 
21.  Radiation      I         0  58*627 


22.  Friction 
22.  Radiation 


38. 
3S. 

39. 
,  39. 

Radiation 
Friction 

Radiation 
Friction 

1  40. 

40. 

Friction 
Radiation 

1262*97  58*631 

0  58-624 

0  55*8*26 

1*262*99  55*951 


0  56-101 

1262-99  56182 

1*262*99  56*108 

0  56-454 


-2*252 
-2*040 

- 1  *875 
-1*789 

-0*431 
-0*237 

+  0*125 
+  0*157 

-0*209 
-0*111 

-1*542 
-  1  *239 

-0*321 
-0*018 

+  0*243 
+  0*505 

-0*065 
+  0*093 

+  0-2-20 
+  0-409 


65*118  '  65*774 
55*774  i  55-882 


55*882  I  56-539 
66-539     66-624 


60*222 
60*797 


60-797 
60*799 


59-805 
59*795 

59*677 
69-681 


]  69-796 

I  60*357 

I 

I 

69-681 
60-249 


68*990     69*060 
69*060     69*686 


68*060 


68-616 


58-616     68-603 


68*603 
69-146 


69-146 
69-114 


56-759  I  65-764 
55-764  !  56*3*25 


Vll. 


Oaiu  or  Lom  of 
Heat  during 
Experinirat 


0-666gam 
0*108  giiD 

0-667  gain 
0-086  gain 

0-575  gun 
0-002  giin 

0-010 1068  . 
0-662  gain 

0-004  gain 
0-568  gain 

'       0-070  gain 
0-626  gain 

0*566  gain 
0-013  ioM  . 

0*642  gain 
0-031  loss 

0*005  gain 
0*561  gai" 


Mean  Friction 
Mean  Radiation 


1-260 -248 
0 


+  0*100 
+  0  036 

-0-305075 
-0*322950 


56*325  I  56*317 

56*317  I  66*865 

I 

55*929  I  66*488 
56-488     56-492 


0*008  loss 
0*548  g»in 

0-559  gain 
0*004  gain 


0*575250  gain 
0*012975  gain 


From  the  resnlts  of  this  series  of  exjK*riments  it  was  inferred  that  the  heating o^ 
co()lin«^  ctfect  of  the  atniospliere  upon  the  apparatus  was  0*'*04664  for  each  degree  w 
ditfcrence  between  the  mean  temperature  of  the  apparatus  and  that  of  the  air.  Tw 
excess  of  temperature  of  the  air  over  that  of  the  apparatus  was  0" -32*295  in  the  mean 
of  the  radiation  experiments,  but  only  0" '305075  in  the  mean  of  the  friction  exi«n* 
ments.  Hence  0  000832  was  adde«l  to  the  difference  between  0**  •67626  and  0'*012975. 
and  the  result,  viz.  0' '56301 7,  represented  approximately  the  heating  effect  of  iW 
friction.  To  this  (juantity  a  small  correction  was  applied  on  account  of  the  mean  o» 
the  temperatures  of  the  api)aratus  at  the  beginning  and  end  of  eacli  friction  expert' 
ment  having  been  taken  for  the  true  mean  tem]>erature,  which  was  not  strictly  tW 
case,  owing  to  the  somewliat  less  rapid  increase  of  temperature  towards  the  termina- 
tion of  the  experiment  when  the  water  had  become  warmer.  The  mean  teniperatuK 
c^f  the  apparatus  in  the  friction  exiwriments  was  therefore  estimated  0**002184  higl^^^- 
whicli  diminished  the  heating  efl'ect  of  the  atmosphere  by  0^*00102,  and  this  added 
to  0-563107  gave  0'''563209  as  the  correct  mean  increase  of  ten4)erature  due  totlie 


r.  168  ON  THE  DYNAMICAL  EQUIVALENT  OF  HEAT  30^ 

tion  of  water.  This  increase  is  a  mixed  quantity  depending  partly  on  the  friction 
;he  water,  and  (Mirtly  on  the  friction  of  the  vertical  axis  on  its  pivot  and  bearings. 
i  latter,  however,  was  only  about  uV  of  the  former. 

The  total  thermal  capacity  of  the  apparatus  with  the  water  con- 
ned was  equivalent  to  that  of  97480*2  grains  of  water,  so  that 
5  total  quantity  of  heat  generated  by  friction  was  0''*563209  in 
s  weight  of  water,  or  1"  F.  in  7*842299  lbs.  of  water.  Now  the 
ights  amounted  to  406152  grains,  and  from  this  a  certain  de- 
ction  must  be  made  on  account  of  the  friction  arising  from  the 
(leys  and  the  rigidity  of  the  string.  This  was  found  by  connecting 
5  two  pulleys  with  twine  passing  round  a  roller  of  equal  diameter 
that  employed  in  the  experiments.  Under  these  circumstances 
)  weight  required  to  be  added  to  one  of  the  leaden  weights  in 
ier  to  maintain  them  in  equable  motion  was  found  to  be  2975 
dns.^  The  same  result,  in  the  opposite  directions,  was  obtained  by 
ling  3035  grains  to  the  other  leaden  weight.  Deducting  168 
lins  (the  friction  of  the  roller  on  its  pivots)  from  3005,  the  mean 
the  foregoing  numbers,  we  have  2837  grains  as  the  portion  of 
e  weight  expended  in  friction  of  the  pulleys  and  string.  This 
btracted  from  the  leaden  weights  leaves  403315  grains  as  the 
)ight  available  for  the  generation  of  heat  in  the  apparatus. 

A  correction  has  still  to  be  applied  on  account  of  the  velocity  pos> 
88ed  by  the  weights  when  they  reached  the  floor.  This  velocity  was 
42  inches  per  second,  and  is  equivalent  to  a  fall  through  an  altitude 

0*0076  incL  This  multiplied  by  20  (the  number  of  falls  in  each 
^riment)  gives  0*152  inch,  which,  when  subtracted  from  the 
«an  total  fall,  1260*248,  leaves  1260*096  inches  as  the  corrected 
-ight.  This  fall  of  the  above  weights  is  equivalent  to  6050*186 
*<•  falling  through  a  height  of  1  foot,  and  to  this  is  added 
'8464x20  =  16*928  foot-pounds  as  a  correction  for  the  elasticity 
■  the  strings,  which  comes  into  play  after  the  weights  have  reached 
^®  ground. 

The  mean  corrected  result  was  therefore  6067*114  foot-pounds 
*  the  work  spent  in  raising  the  temperature  of  7*842299  lbs.  of 
*ter  r  F.,  and  this  gives  773*64  as  the  dynamical  equivalent  of 
^t  in  the  latitude  of  Manchester. 

In  Joule's  second  and  third  series  of  experiments  the  fluid  em- 
'oyed  was  merciu'y,  the  apparatus  being  constructed  of  iron,  and 
^mewhat  modified  in  other  respects,  to  suit  the  purpose.  In  the 
•Qrth  and  fifth  series  the  heat  was  developed,  not  by  fluid  friction, 
it  by  means  of  a  bevelled  cast-iron  ring  rubbing  against  another 

*  The  nnmber  2965  given  in  Joule's  Memoir  is  probably  a  misprint. 
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bevelled  iron  ring  in  mercury.  The  following  table  contains  tke 
final  results  of  these  series  of  experiments,  the  fourth  column  giving 
the  values  when  the  weighings  are  made  in  a  vacuum : — 


No. 
of  Series. 


1 
2 
3 
4 
5 


Material 
em  ploy  wl. 


Water 
Mercury 

»> 
Cast  iron 


]£<iuivaleiit 
in  Air. 


773-640 
773-762 
776-303 
776-997 
774-880 


111  Vacuum. 


772-692 
772-814 
775-352 
776-045 
773-930 


Mean. 


772-692 
774-083 

■  774-987 


Of  these  results,  that  derived  from  the  friction  of  water  was  con- 
sidered by  Joule  as  the  most  reliable,  both  on  account  of  the  number 
of  experiments  performed,  and  the  great  thermal  capacity  of  the 
apparatus.  And  since,  even  in  the  friction  of  fluids,  it  was  impossible 
to  entirely  avoid  vibration  and  the  consequent  expenditure  of  energy 
in  sound.  Joule  thought  it  probable  that  the  number  772*692  wm 
slightly  too  large,  and  therefore  adopted  the  round  number  773. 
It  must  be  remembered,  however,  that  the  unit  of  temperature 
employed  here  is  the  degree  on  the  mercury  thermometer  ^  employed 
b}'  Joule,  and  that  the  specific  heat  of  water  is  taken  as  unity  at  the 
temperature  of  each  experiment. 

At  the  request  of  the  British  Association  Joule  ^  executed  a  new 
.series  of  experiments,  which  he  completed  in  1878.  In  this  in- 
vestigation the  arrangement  of  the  apparatus  and  the  principle  of 
the  method  employed  for  measuring  the  work  differed  from  that 
adopted  in  the  earlier  experiments.  The  calorimeter,  h  (Fig.  78), 
instead  of  resting  on  a  fixed  stool,  was  suspended  by  a  bearing  on 
the  vertical  axis  of  the  paddle,  so  as  to  be  capable  of  rotatiug  freely 
about  it.  With  this  arrangement,  when  the  paddle  was  set  in  motion, 
the  friction  between  the  moving  fluid  and  the  walls  of  the  calorimeter, 
as  well  as  that  which  occurred  at  the  bearing,  produced  a  coupk 
tending  to  turn  the  calorimeter  round  the  vertical  axis.  The  rotation 
of  the  calorimeter  was  lu'evented  by  an  equal  and  opposite  couple 
produced  by  the  action  of  a  fine  silk  cord,  which  passed  round  w 
accurately  turned  groove  in  the  surface  of  the  calorimeter.  The  ends 
of  this  cord  were  thrown  over  two  light  wooden  pulleys,  jy  j\  and  were 


'  An  error  of  1  per  cent  may  arise  from  want  of  comparison  of  the  mercury 
thermometer  witli  the  air  thermometer. 

-  Joule,  PhiL  Trans.  Iloy.  Soc.,  1878,  pt.  ii. 
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bed  to  scale-pans,  k^  k^  which  contained  weights  sufficient  to  keep 
dorimeter  in  equilibrium.^ 

lie  whole  apparatus  was  contained  in  a  massive  wooden  case,  aa, 
i  was  divided  into  three  compartments,  and  permanently  boxed 
three  sides.  The  fourth  side  or  front  was  closed  by  shutters 
bed  with  windows,  which  could  be  removed  at  pleasure.  The 
3    was  kept  in  motion  by  means  of  doubling  hand-wheels,  de, 


Fig.  78.— Joule'M  Lat«r  Appftratus. 

he  vertical  shaft,  b,  which  carried  a  fly-wheel,  /  (weighing  about 
t),  was  supported  by  a  conical  collar  turned  on  it  at  c.  The 
lulic  supporter,  r,  tc,  was  not  employed  in  the  initial  stages  of  the 
ligation ;  but  as  irregularities  were  found  to  arise  from  time  to 
from  the  variations  in  the  friction  of  the  bearing  which  supported 
Bilorimeter,  the  supporter,  t',  w,  was  designed,  so  that  the  pressure 
16    bearing   and  the    metallic  friction  were  almost   reduced    to 

Tie  principle  of  this  method,  which  is  a  kind  of  friction  balance,  was  designed 
m  {TfUorie  Mieanique  de  fa  Chalair,  S*"^  ed.,  ]».  92),  and  was  subsequently  used 
wland  and  others. 
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zero.  This  supporter  consisted  of  two  concentric  vessels,  v  and  w. 
The  lid  of  the  inner  vessel  was  surmounted  by  three  uprights,  and 
when  water  was  poured  into  the  space  between  the  vessels  the  inner 
floated  up,  so  that  the  uprights  pressed  against  the  bottom  of  the 
calorimeter,  and  the  pressure  on  the  bearing  was  thus  relieved. 

The  calorimeter  is  shown  in  section  in  Fig.  79,  and  in  plan  in 
Fig.  80.  There  were  four  stationary  vanes  and  two  sets  of  rotating 
vanes,  each  of  five  arms,  the  upper  set  (dotted  lines,  Fig.  80)  being 
fixed  to  the  axis  9°  behind  the  lower  set,  so  that  no  two  of  the  rotating 
vanes  passed  the  fixed  ones  at  the  same  moment,  and  as  the  momentaiy 
alteration  of  resistance  at  crossing  took  place  forty  times  daring 
each  revolution,  the  resistance  was  practically  uniform.  The  axle 
of  the  paddle  worked  easily  in  the  collar  m,  and  was  screwed  into 
the  boxwood  piece  n.     The  boxwood  piece  o  (Fig.  78)  was  introduced 


Fi; 


rn. 


Section  and  Plan  of  tho  Calorimeter. 


l-^g.  80. 


in    order    to   prevent  conduction   of    heat  along  the  axis ;  but  tw^ 
precaution  was  found  to  be  unnecessary. 

In  making  an  experiment  the  calorimeter  was  filled  with  a  kno^ 
weight  of  distilled  water,  and  screwed  on  to  the  axis.  Its  temperature 
was  noted,  and  the  silk  cord  adjusted.  The  thermometer  was  thcii 
removed,  and  a  caoutchouc  stopper  placed  in  the  tubulure.  Tb^ 
axle  was  then  rapidly  brought  up  to  a  speed  sufiicient  to  raise  tJafi 
weights  about  1  foot  from  the  floor,  and  they  could  be  kept  very 
steadily  in  this  position  during  the  whole  time  of  an  experimen 
(35  minutes).  The  wheel  was  then  rapidly  brought  to  rest,  and  tb« 
temperature  of  the  calorimeter  again  noted. 

The  work  spent  is  determined  by  knowing  the  number  of  revoW' 
tions  and  the  moment  of  the  couple  required  to  keep  the  calorime^^ 
in  equilibrium.  Thus,  if  w  denotes  the  sum  of  the  suspended  weighs 
and  r  the  radius  of  the  calorimeter,  the  moment  of  the  couple  tending 
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3  turn  the  vessel  is  wr,  so  that  in  turning  through  an  angle  6  the 
rork  done  is  wr$,  or  if  n  be  the  number  of  revolutions  the  work  is 

W  =  2ir7iiw. 

In  calculating  »,  the  number  of  revolutions  of  the  axis  when  the 
^eights  were  off  the  ground  was  added  to  half  the  number  employed 
1  the  acts  of  starting  and  stopping  the  apparatus.  The  revolutions 
f  the  axis  were  registered  by  a  counter  at  g  (Fig.  78). 

The  results  of  five  sets  of  experiments  by  this  method  are  collected 
Q  the  following  table.     In  the  first  two  sets  the  hydraulic  supporter 


•s^ 

n  of 
to 
tioii. 

5  ^-S 

-  i 

0  W  t>    ' 

«^ 

"S  £  i 

Serien. 
1 

Proporti 

Metalli 

Total  tYi 

if 

Sis  £ 
58-46 

E<iuivalei)t. 

17 

1       > 

""7 

45  -907 

777-72 

2 

15 

J-       , 

H-3 

48-803 

54-76 

774-57 

3 

21 

1 
106 

44-777 

59-98 

773136 

4 

6 

I 

14-355 

58-14 

766-97 

5 

7 

1 

108 

67-620 

63-14 

773-99 

ras  not  employed,  and  the  metallic  friction  at  the  bearing  of  the 
alorimeter  was  a  considerable  fraction  of  the  whole. 

The  mean  value  deduced  for  J  at  the  temperature  of  60°  F.  was 
'73369  foot-pounds  at  Manchester.  This  reduced  to  Greenwich  and 
'he  sea-level  becomes  773*492,  or  when  the  weighings  are  made  in  a 
vacuum  the  value  of  J  at  60"  F.  is  772*55.  Joule's  results,  corrected 
^y  comparison  of  his  thermometers  with  one  of  Rowland's,  and  for 
other  errors  (see  Arts.  35  and  169),  gave  the  value  (at  12'^*7  C.) 

J  =  778-5. 

169.  Rowland's  Experiments. — In  1879  Professor  Rowland,^  feei- 
ng that  Joule's  work  required  to  be  extended  in  some  directions  and 
^^pleted,  undertook  a  careful  and  elaborate  series  of  experiments  on 
^"C  Value  of  the  dynamical  equivalent  of  heat.  In  Joule's  work  the 
c^riments  were  made  only  at  the  ordinary  temj)eratures  of  the  atmo- 
^nere,  and  the  mercury  thermometers  employed  were  not  standardised 
•^y  comparison  with  the  air  thermometer.  Errors  of  1  or  2  per  cent 
^y  arise  from  this  cause  in  calorimetric  work,  for  even  between  0° 


H.  A.  Rowland,  Proc.  Ameru'an  Acwkmy  of  Arts  and  Scienas,  New  Series, 
*olvii.,  1879-80. 
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and  100'  a  difierence  of  several  tentlis  of  a  degree  may  exist  between 
the  mercury  and  the  air  thermometer. 

The  principal  defect  of  Joule's  plan  of  experiment,  however,  i«  the 
small  rate  of  rise  of  temperature,  and  Professor  Rowland,  in  designing 
his  apparatus,  aimed  at  procuring  a  large  change  of  temperature  in  t 


'^^jy 


pa2)= 


short  time.  This  involved  the  exi)enditure  of  a  considerable  p""*'' 
and  necessitated  the  use  of  a  steam-engine,  combined  with  an  l>^' 
rate  method  of  measuring  the  power  supplied. 

The  apparatus  finallj'  adopted  is  shown  in  Fig,  81.     In  pindp' 
it  resembles  Hint's  friction  balance  and  the  appvatua  employe'  "f 
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oule  in  his  final  experiments.  The  calorimeter  was  attached  to  a 
ertical  shaft  a//,  and  the  whole  was  suspended  by  a  torsion  wire, 
'he  axis  of  the  paddle  left  the  calorimeter  through  the  bottom  and 
^as  attached  to  the  shaft  ef^  which  was  kept  in  uniform  motion  by 
be  wheel  g  driven  by  a  steam-engine.  To  the  axis  ah  an  accurately 
Qmed  wheel  Id  was  attached,  and  the  couple  tending  to  turn  the 
alorimeter  was  measured  by  weights  o  and  p^  attached  to  silk  tapea 
lassing  around  the  circumference  of  this  wheel,  in  combination  with 
he  torsion  of  the  suspending  wire.  To  this  axis  also  a  long  arm  was 
ttached,  having  two  sliding  weights  q  and  r,  by  means  of  which  the 
aoment  of  inertia  could  be  varied  or  determined.  The  number  of 
evolutions  of  the  paddle  was  determined  by  means  of  a  chronograph 
et  in  motion  by  a  screw  on  the  shaft  ef.  On  this  chronograph  was 
ecorded  the  transit  of  the  mercury  over  the  divisions  of  the  thermo- 
neter.  A  water  jacket  /k,  made  in  halves,  was  placed  round  the 
ailorimeter,  so  that  the  radiation  could  be  estimated,  and  a  wooden 
box  surrounded  the  whole  and  screened  the  calorimeter  from  the 
obserA'er. 

When  the  paddles  were  in  motion,  the  couple  tending  to  turn  the 
calorimeter  was  balanced  by  the  weights  o,  ^,  and  the  equilibrium  was 
rendered  stable  by  the  torsion  of  the  suspending  wire.  The  amount  of 
torsion  was  read  off  on  a  scale  pn  the  edge  of  the  wheel  A:/,  and  this 
gave  the  correction  to  be  applied  to  the  weights  o,  p.  One  observer 
instantly  read  the  circle  kl,  and  another  recorded  the  transits  of  the 
nercury  over  the  scale  divisions  of  the  thermometer.  In  this  manner 
^  aeries  of  observations,  extending  over  the  space  of  half  an  hour  to  an 
lour,  embraced  a  rise  of  temperature  of  from  15°  to  25°,  in  which  a 
"ocord  was  made  for  perhaps  each  tenth  of  a  degree,  and  contained 
^veral  huntlred  observations  from  any  two  of  which  the  dynamical 
^^^ivalent  of  heat  could  be  obtained. 

The  correction  for  radiation  is  inversely  proportional  to  the  ratio 
^f  the  rate  at  which  the  work  is  done  to  the  rate  at  which  the  heat  is 
^t,  and  this  for  equal  ranges  of  .  temperature  is  only  ^  as  great  in 
^hese  experiments  as  in  Joule's,  for  Joule's  rate  of  increase  was  only 
^  '^2  C.  per  hour,  and  in  these  experiments  was  about  35°  C,  and  could 
"^  increased  to  over  45°  C.  per  hour. 

The  calorimeter  and  paddle  arrangement  was  more  complicated 
^^  Joule's.  The  number  of  paddles  was  increased  so  that  there 
■nould  be  no  jerk  in  the  motion,  and  that  the  resistance  should  be  great. 
*heir  shape  was  also  such  as  to  cause  the  whole  of  the  water  to  run 
^^  »  constant  stream  past  the  thermometer,  and  to  cause  constant 
•^change  between  the  water  at  the  top  and  bottom.     A  section  of  the 
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calorimeter  with  paddle  is  shown  in  Fig.  S3,  and  the  paddle  ia  Bbows 
separately  in  Fig,  83. 

To  a  st«el  axis  a  stout  copper  cylinder  was  attached  bj  meant  d 
stout  wires.  To  this  cylinder  four  rings  were  attached  which  snp' 
ported  the  paddles.  Each  ring  had  eight  paddles,  and  waa  dieplaied 
through  a  small  angle  with  reference  to  the  one  below  it,  so  ^t  do 
one  paddle  came  over  another.  By  this  means  the  resistance  <nt 
rendered  continuous  rather  than  jerky.  The  lower  rows  of  paddlo 
were  turned  backwards,  so  that  they  threw  the  water  outirards  snd 
kept  up  the  circulation.  Around  these  movable  paddles  were  tli« 
stationary  vanes,  consisting  of  five  rows  of  ten  each.  These  were 
attached  to  the  movable  paddles  by  bearings  at  the  extremities  of  ths 


^^'uhi>4m 


shaft,  and  wei-e  removed  with  the  latter  when  it  was  taken  out  t 
calorimeter.     Thesi'  oiit«r  juiddles  were  fixed  to  the  calorimeter  V 
four  screws  so  as  to  be  stAtionary. 

Two  aporUires  were  madi.-  iii  the  cover  of  the  calorimeter — one  tu 
receive  a  thermometer,  and  the  oUier  for  filling  the  vessel  with  w*"'* 
A  copper  tube,  [lerforated  with  large  holes,  descended  from  the  thw- 
mometer  aperture,  almost  to  the  centre  of  the  calorimeter.  The  tber- 
momcter  was  cont!iinc<i  within  this  sieve-like  tube,  with  its  bulb  i'  * 
short  distjiuce  from  the  t-entre  of  the  calorimeter,  with  the  reTtJ^i^B 
paddles  outside  it  and  the  sticam  of  water  circulating  around  it. 

If  I)  denotes  the  diamtter  of  the  torsion  wheel,  then  {p.  309) "" 
work  done  during  u  revolutions  of  the  paddle  is 
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re,  if  the  temperature  rises  by  an  amount  A^  (corrected  for  radia- 
in  the  time  occupied  by  n  revolutions,  the  value  of  the  dynamical 
iralent  will  be  given  by  the  equation 

e  C  is  the  tliermal  capacity  of  the  calorimeter  and  the  water  con- 
d.  To  reduce  this  to  absolute  measure,  we  must  multiply  by 
•78009  +  00508  sin^A  where  A  is  the  latitude  of  the  place.  At 
more  the  value  is  ^=9*8005  in  metres  per  sec.  per  sec. 

le  corrections  to  be  applied  are — (1 )  For  weighing  in  air,  which  must  be  applied 
md  C  ;  if  p  denotes  the  density  of  air  under  the  given  conditions,  this  correc- 
Jiiounted  to  -  0*83.V-  (2)  For  the  weight  of  the  tape  by  which  tlie  torsion 
ts  were  suspended  ;  this  amounted  to  0'0006/tr.  (3)  For  the  expansion  of  the 
n  wheel ;  if  D'  be  its  known  diameter  at  'iO*",  then  its  diameter  at  any  other 
ratnre  $  was  D'  +  0*00001 8D'(<?  -  20).     The  corrected  fonnula  was  then 

J  =  ^^{  1  +  0000018(#  -  20)  +  °1°-*^"*  -  0-836P  )• 

ring  to  the  rapid  rise  of  temperature  (generally  about  O^^'d  per  minute)  the 
tion  for  radiation  was  proportionately  small.  This  correction  was  0*0014<?*  per 
;e,  where  $  is  the  difference  of  temperature  between  the  calorimeter  and  its 
.  This  amounts  to  1  per  cent  for  lO"*/,  and  to  4  |>er  cent  for  14" "2.  Generally 
ilorinieter  was  cooler  than  the  jacket  at  the  outset,  and  so  an  elevation  of  20" 
b«  obtained  in  the  temi)erature  of  the  calorimeter  without  a  rate  of  correction 
>re  than  4  ]»er  cent  at  any  |K)int,  and  an  average  correction  of  less  than  2  per 
An  error  of  10  per  cent  was  therefore  required  in  the  estimation  of  the  radiation 
xluce  an  average  error  of  1  in  500,  or  an  error  of  1  in  250  at  a  single  point.  The 
tion  correction  was  estimated  by  allowing  the  calorimeter  to  cool  while  the 
les  were  slowly  turned,  the  work  done  being  allowed  for.  The  losses  of  heat 
d  under  this  head  include  conduction  and  convection  as  well  as  radiation  proper, 
J'ere  made  up  as  follows  : — 

Conduction  along  shaft    .         .         .         .  '  "0001 1  . 

,,  ,,        snsj)ending  wires  .  '00006 

True  radiation '00017 

Convection 00106 


Total  -00140 

niong  the  corrections  to  be  applied  to  the  temperature  as  read  off  from  the  ther- 
«ter  that  arising  from  the  unequal  temperature  of  the  stem  was  the  greatest  and 
difficult  to  estimate.  The  other  corrections  arise  in  i)ressure  on  the  bulb,  con- 
on  along  the  stem,  and  the  fact  that  the  thermometer  is  always  behind  the 
inieter  as  the  temi»erature  of  the  latter  changes. 

The  following  table  gives  Professor  Kowland's  results  in  gramme- 
"es  at  Baltimore  : — 
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Air  Ther- 
mometer. 

Equivalent 

<B 

1 
Bquivalent 

±  5     ' 

Eqaivalent. 

o 

0 

c 

5 

429-8 

16     , 

427-2 

27 

425-6 

6 

429-5 

17 

427-0 

28 

425-6 

429-3 

18 

426 -S 

29 

425-5 

8     , 

429-0 

19 

426-6 

30 

425-6 

9 

428-8 

20 

426-4 

81 

425-6 

10 

4-28-5 

21 

426-2 

32 

426-6 

11 

428  3 

,      22 

426-1 

38 

425-7 

12 

428-1 

23 

426-0 

84 

;        425-7 

'     13 

427-9 

24 

425-9 

85 

425-8 

14     1 

i27-7 

25 

425-8 

86 

425-8 

15     j 

427-4 

26 

425-7        , 

•  •  • 

•  •  • 

1 

To  reduce  to  latitude  of  Manchester  and  Berlin  0*5  must  be  sub- 
tracted, and  for  Paris  0-4. 

[In  1897  a  series  of  tomparisons  was  undertaken  at  the  John 
Hopkins  University  between  Rowland*s  thermometers,  three  Tonnelot 
mercury  thermometers  standardised  at  the  Bureau  InternatioDal,  and 
a  Callendar-Grifiiths  platinum  thermometer.  The  result  has  been  a 
recalculation  of  Rowland's  figures.  In  the  following  table  the  values 
of  the  mechanical  equivalent  are  given  in  ergs  as  calculated  by  Dr.  W. 
S.  Day.^  Rowland's  old  values  are  also  given  in  ergs  for  the  sake  of 
comparison.] 


1 

It 

r 

E«iuivalfnt 

in  Ergs 
(Howlaml). 

4-212  X  10" 
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5  . 
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E(|Uivalent 
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Eqnivalent 

in  Enpi 

(Itay). 

i:^ 

4-191x10' 

6 

4  -209 

4-203x10" 

,     H 

4-192     ,, 

4-189     „ 

7 

4  -207 

4-201      „ 

15 

'    4-189     ,, 

'    4-188     „ 

8 

4-204 

4-199     ,, 

16 

1    4-187     ,, 

4-186     „ 

9 

4  -20-2 

4-198     „ 

17 

4-185     „ 

,    4-185     ., 

10 

4-JOO 

4-196     ,, 

18 

4183     ,, 

4-184     „ 

11 

,    4198 

4-194     „ 

19 

4-181     „ 

,    4-182     „ 

12 

4-19(> 

4-192     ,, 

20 

4-179     ,, 

4-181     „ 

For  the  sake  of  comparison  with  his  own  determinations,  Ytd^^ 
Rowland  also  reduced  Joule's  results  to  the  air  thermometer  and  tD* 
latitude  of  Baltimore,  as  in  the  following  table  :  - — 

'  Thil.  Mng.^  July  1898.     Rowland's  figures  were  also  recalculated  by  "WaidD^ 
and  Mallory,  Phys.  licv.,  vol.  viii.,  1899. 

-  Proc.  American  Acad,  of  Arts  and  Sciences,  vol.  viii.  (New  Series),  pt  I  P*  *  ' 

1880-81. 
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Joule's  Value  reduced  to  Air 

1 

1 

Thermometer  and  Baltimore. 

'     Temiiera- 

Joule'H 
Valne. 

Rowland's 
Value. 

ture. 

BnKliHh 

C.G.S.         ' 

1 

Meanure. 

8>'8tem. 

'        9         ' 

772-8 

779-2 

427-5 

428-8 

9 

775-4 

781-4 

428-7 

428-8 

9 

776-0 

782-2 

429-1 

428*8 

1          ^ 

773-9 

780-2 

428  0 

428-8 

1       12-7 

774-6 

778-5 

427-1 

428  0 

14 

772-7 

778  0 

426-8 

427-7 

14 -5 

767  0 

770-5 

4-22-7 

427-5 

1        14-7 

772-7 

776-1        '        425-8 

427-6 

15-5 

773-1 

776-4 

426-0 

427-3 

17-3 

774  0 

7770 

426-3 

426-9 

18-6 

1 

428  0 

426-7 

Combining  these  results,  he  deduces  the  value  426*75  at  H'^'G 
from  Joule's  experiments,  and  4  2 7 '5  2  from  his  own.  The 
erence  amounts  to  only  1  in  550,  and  might  arise  from  variations 
ihe  specific  heat  of  water. 

170.  Miculescu's  Experiments. — M.  Miculescu  ^  has  also  adopted 
friction  balance  method  of  determining  the  dynamical  equivalent 
heat.  In  the  investigations  of  Joule  and  Professor  Rowland  the 
8  of  the  rotating  paddle  was  vertical,  passing  through  the  lid  of  the 
orimeter  in  Joule's  apparatus,  and  through  the  bottom  in  Professor 
•wland's.  In  the  apparatus  adopted  by  M.  Miculescu,  on  the  other 
nd,  the  axis  of  the  paddle  was  horizontal.  The  work  was  supplied 
a  motor  supported  on  a  wooden  frame,  which  was  suspended  from 
horizontal  axis,  round  which  it  could  swing  freely ;  and  this  axis 
incided  geometrically  with  the  rotating  axis  of  the  paddle.  With 
is  arrangement  the  suspended  frame,  when  the  apparatus  was  in 
^tion,  tended  to  incline  itself  to  the  vertical  in  a  direction  opposite 

that  of  the  rotation.  It  was  brought  back  into  its  position  of 
[Uilibrium  by  a  couple  of  known  moment,  and  the  motor  thus  played 
0  part  of  its  own  dynamometer,  the  work  being  measured  as  before 
'•  309). 

The  heat  generated  was  measured  by  the  method  of  stationary 
^P^ature.  Around  the  calorimeter  (which  was  fixed  indei)endently 
'  ^he  osoillating  frame),  and  through  the  water  in  which  the  paddles 
^»  a  current  of  cold  water  circulated  in  such  a  way  that  the  tempera- 
^^^  of  the  calorimeter  remained  fixed.     The  heat  developed  in  any 
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time  was  consequently  determined  by  the  weight  of  water  which  passed 
through  the  apparatus  in  the  same  time. 

The  calorimeter  was  composed  of  four  concentric  cylinders — the 
exterior  pair  of  brass,  and  the  interior  pair  of  copper.  The  interior  or 
first  cylinder  contained  the  revolving  paddles,  and  the  exterior  or 
fourth  was  covered  on  the  outside  with  felt  1  cm.  thick.  The  firsty 
second,  and  third  cylinders  were  insulated  from  each  other  by  pieces 
of  ebonite ;  and,  while  a  current  of  water  passed  through  the  space 
between  the  first  and  second,  the  space  between  the  second  and  third 
contained  air,  and  the  space  between  the  third  and  fourth  was  filled 
with  water,  and  formed  a  water  jacket. 

The  difference  of  temperature  of  the  water  on  entering  and  on 
leaving  the  calorimeter  was  measured  by  means  of  a  thermo-electric 
couple,  one  junction  being  situated  in  the  entry  and  the  other  in  the 
exit  tube.     The  radiation  correction  was  negligible. 

Taking  the  specific  heat  of  water  to  be  unity  between  10°  and  18' 

C,  the  mean  result  of  these  experiments  gave  the  number  426*7;  or 

when  temperatures  were  referred  to  the  hydrogen  thermometer,  the 

result  was 

J  =  426 -84. 

The  advantage  claimed  for  this  investigation  is  that  all  the  measure- 
ments are  made  by  the  judl  method. 

171.  [Reynolds  and  Moorby's  Experiments. — Professor  Reynolds 
and  Mr.  Moorby^have  determined  the  mechanical  equivalent  of  the 
mean  thermal  unit  between  0'  and  100°  C.  on  a  ver}'^  large  scale,  with 
a  Froude-Reynolds'  hydraulic  brake  and  a  steam-engine  of  100  horse- 
power. This  brake  is  practically  a  Joule  calorimeter,  ingeniously 
designed  to  churn  the  water  in  such  a  manner  as  to  develop  the 
greatest  j)0ssible  resistance.  The  admission  of  water  at  0°  C.  to  the 
brake  was  controlled  by  hand  in  such  a  manner  as  to  keep  the  outflcr 
nearly  at  the  boiling  point,  the  quantity  of  water  in  the  brake  required 
to  produce  a  constant  torque  being  regulated  automatically,  as  the  speed 
varied,  by  a  valve  worked  by  the  lifting  of  the  weighted  lever  attached 
to  the  brake.  With  300  lbs.  on  a  four-foot  lever  at  300  revolutions 
per  minute,  the  rate  of  generation  of  heat  was  about  12  kilo-calones 
per  second.  In  spite  of  the  large  range  of  temperature,  the  correction 
for  external  loss  of  heat  amounted  to  only  5  per  cent  with  the  brake 
uncovered,  and  was  reduced  to  less  than  2  per  cent  by  lagging.  This 
is  the  special  advantage  of  working  on  so  large  a  scale  with  so  rapid  • 
generation  of  heat.     But,  for  the  same  reason,  the  method  necessarily 

^  Pfn7.  Trans,  p.  381,  A.,  1897. 
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9sents  peculiar  difficulties,  which  were  not  overcome  without  great 
ins  and  ingenuity.  The  principal  troubles  arose  from  damp  in  the  Sources  of 
^ing,  which  necessitated  the  rejection  of  several  trials,  and  from  ®"°^' 
isolved  air  in  the  water,  causing  loss  of  heat  by  the  formation  of 
$am.  Next  to  the  radiation  loss,  the  most  uncertain  correction  was 
at  for  conduction  of  heat  along  the  4-inch  shaft.  These  losses  were 
far  as  possible  eliminated  by  combining  the  trials  in  pairs,  with 
(ferent  loads  on  the  brake,  assuming  that  the  heat-loss  would  be  the 
me  in  the  heavy  and  light  trials,  provided  that  the  external  tempera- 
re  and  the  gradient  in  the  shaft,  as  estimated  from  the  temperature 
the  bearings,  were  the  same.  The  values  deduced  in  this  manner 
r  the  equivalent  agreed  as  closely  as  could  be  expected,  considering 
e  impossibility  of  regulating  the  external  condition  of  temperature 
id  moisture  with  any  certainty  in  an  engine-room.  The  extreme 
jriation  of  results  in  any  one  series  was  only  from  776*63  to  779*46 
ot-pounds,  or  less  than  h  per  cent.  This  variation  may  have  been 
le  to  the  state  of  the  lagging,  or  it  may  have  been  partly  due  to  the 
fficulty  of  regulating  the  speed  of  the  engine  and  the  water-supply  to 
e  brake  in  such  a  manner  as  to  maintain  a  constant  temperature  in 
le  outflow,  and  avoid  variations  in  the  heat-capacity  of  the  brake, 
ince  hand-regulation  is  necessarily  discontinuous,  the  speed  and  the 
tmperature  were  constantly  varying,  so  that  it  was  useless  to  take 
ladings  nearer  than  0°'l  F.  The  largest  variation  recorded  in  the 
wo  trials  of  which  full  details  are  given  was  4° '9  F.  in  two  minutes 
a  the  outflow  temperature,  and  four  or  five  revolutions  per  minute  on 
he  speed.  These  variations,  so  far  as  they  were  of  a  purely  accidental 
lature,  would  be  approximately  eliminated  on  the  mean  of  a  large 
number  of  trials,  so  that  the  accuracy  of  the  final  result  would  be  of  a 
liigher  order  than  might  be  inferred  from  a  comparison  of  separate 
[Niirs  of  trials.  Great  pains  were  taken  to  discuss  and  eliminate  all 
Ae  sources  of  constant  error  which  could  be  foreseen.  In  a  "  heavy 
trial"  the  dynamometer  was  adjusted  to  a  moment  of  1200  foot-pounds, 
wid  in  a  "  light  trial "  the  moment  was  generally  600  foot-pounds, 
although  six  trials  were  made  with  the  moment  at  400  foot-pounds, 
^e  results  of  these  last  differ  slightly  from  those  with  600  foot-pounds. 
This  might  be  merely  accidental,  or  it  might  indicate  some  constant 
Terence  in  the  conditions  requiring  further  investigation.  There  can 
"*  no  doubt,  however,  that  the  final  result  is  the  most  accurate  direct 
determination  of  the  value  of  the  mean  calorie  in  mechanical  units. 
^  it  was  only  necessary  to  determine  temperatures  in  the  neighbour- 
^^  of  0^  and  1 00"*  C.  the  results  are  almost  independent  of  the 
^^re  of  the  temperature  scale,  as  all  temperature  scales  must  be  in 
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agreement  at  the  two  standardising  points,  while  the  range  was  so 
great  that  an  error  in  measurement  at  either  end  of  it  would  haye  bat 
a  small  effect. 
Mean  The   value   of   the   mean   calorie   between   0°   and    100**   C.  as 

*  determined  by  Reynolds  and  Moorby  is  4*1833  x  10^  ergs. 

The  experiments  of  Reynolds  and  Moorby  do  not  furnish  us  vith 
the  value  in  dynamical  units  of  the  standard  calorie  at  15°  C.  or  any 
other  chosen  temperature.  Nevertheless,  they  are  of  great  value  as  t 
test  of  the  accuracy  of  the  indirect  determinations  of  the  mechanical 
equiv^ent  by  the  electrical  method,  which  we  shall  now  describe. 

t/\12.    Later    Electrical    Methods.  —  The    electrical    method  of 
determining  the  mechanical  equivalent  consists  in  heating  a  given  mass 
of  water  through  a  known  range  of  temperature  by  immersing  in  it  a 
wire  heated  by  an  electric  current,  and  measuring  the  heat-energy 
communicated  to  the  water  in  terms  of  elec^c  units.     This  method 
was  tried  by  Joule,  but  was  regarded  by  him  as  leais  trustworthy  than 
the  direct  process.    The  reliability  of  the  results  obtained  by  it  depends 
not  only  on  the  care  with  which  the  actual  determination  is  carried 
out,  but  also  upon  the  accuracy  with  which  the  electric  units  employed 
have  been  measured.     The  equations  (omitting  all  corrections)  ex- 
pressing the  heat-energy  required  to  raise  m  grammes  of  water  through 
6'^  in  electrical  units  are 

where  C  is  the  current,  \i  the  resistance  of  the  wire,  E  the  EM.F 
between  its  terminals,  and  /  the  time  in  seconds.  If  these  are 
measured  in  amperes,  ohms,  and  volts,  J  will  be  the  number  of  ;W^^ 
(1  joule  =  10'  ergs)  required  to  raise  a  gramme  of  water  1*  C.  We  see 
here  that  it  is  only  necessary  to  measure  two  of  the  quantities  E,  C> 
R  in  order  to  obtain  an  equation  for  J.  A  choice  of  three  methods  is 
thus  at  our  disposal. 
•iiHtlis's  In  the  experiments  carried  out  by  Principal  E.  H.  Griffiths  ^  E  and 
xpen-  ji  y^r^YQ  measured.  The  obvious  diflficulty  lies  in  the  measurement  of 
R ;  because,  unless  measured  actually  during  the  progress  of  the  heating 
experiment,  it  is  necessary  to  know  the  temperature  of  the  wire  and 
the  temperature-coetHcient  of  its  resistance  ;  and  its  temperature  is  «<* 
that  of  the  surrounding  water.  To  obviate  this  difficulty  Griffi^l^ 
made  a  series  of  subsidiary  experiments  which  were  designed  to  p^^ 
the  difference  in  temperature  between  the  water  and  the  wire  when  the 
former  was  at  a  known  temperature  and  an  E.M.F.  of  known  strength 

1  rhU,  Trans,  p.  361,  A.,  1898. 
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was  applied  to  the  latter.  The  i-esiatance  of  the  wire  was  then 
measured  at  a  known  temperature  and  its  temperature-coefficient  was 
also  measured ;  therefore,  when  in  the  course  of  a  beating  experiment 
the  temperature  of  the  water  was  read,  the  resistance  of  the  wire 
could  be  calculated. 

Griffiths'a  apparatus  consisted  of  a  platinum  wire  (diam.  O'OIO  cm., 
length  33  cm.,  resistance  about  9  ohma)  coiled  inside  a  cylindrical 
calorimeter,  8  cm.  in  height  and  8  cm.  diameter,  wliose  water  equivalent 
was  65.  This  wire  was  heated  by  a  current  from  storage  cells.  The 
terminals  of  the  wire  were  maintained  at  a  constant  difference  of 
potential  by  balancing  against  sets  of   Clark  cells ;  and,  while  the 


temperature  of  the  water  in  the  calorimeter  was  raised  from  1 4"  to 
25'  C\  the  time  varying  from  forty  to  eighty  minutes,  observations  of 
the  temperature  and  time  were  miide  every  degree.  The  E.Nf.F.  iised 
Varied  from  that  of  three  to  six  Clark  cells.  Experiments  were  made 
using  different  quantities  of  water;  and  by  taking  differences  in  the 
energy  and  the  heat  produced  in  the  different  sets,  many  errors  were 
elitQioated,  and  the  water-equivalent  of  the  calorimeter  disappeared 
fTonj  the  equation. 

Fig.  84  shows  a  section  of  the  constant  temperature  chamber  in 
*hich  the  calorimeter  was  suspended  by  glass  tubes.  ABC  is  a  Ini^e 
■teel  vessel  with  double  walls,  the  annular  space  (printetl  black  infigure) 
''*ing  filled  with  mercury  which  is  connected  with  a  gas-regulator  by 
'he  tnbe  D.  The  steel  vessel  stood  in  a  large  tank  filled  with  water, 
"hich  was  rapidly  stirred  by  the  paddle  Q.  A  small  stream  of  water 
"Owed  continuously  into  the  tank,  the  excess  passing  away  at  W. 
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The  temperature  of  the  incoming  water  was  controlled  by  the  regulator 
which  was  governed  by  the  mass  of  mercury  (exceeding  70  lbs.)  within 
the  walls  ABC.  A  very  constant  temperature  could  thus  be  maintained 
within  the  steel  vessel.  The  space  between  the  calorimeter  and  the 
steel  walls  was  thoroughly  df  led  and  the  pressure  reduced  to  less  than 
1  mm. 

Griffiths  found  that  most  rapid  and  thorough  stirring  of  the  ¥rater 
was  necessary  in  order  to  secure  consistent  or  satisfactory  restdte. 
He  designed  a  most  efficient  stirrer  which  made  about  2000  revolutions 
per  minute,  the  rise  in  temperature  produced  by  the  stirrer  alone  being 
in  some  cases  equivalent  to  1 0  per  cent  of  the  whole  work  spent  in 
raising  the  temperature.  The  necessary  correction,  owing  to  this,  was 
ascertained  by  a  series  of  preliminary  experiments. 

The  tliermometer  used  by  Griffiths  was  a  Hicks  mercury  ther- 
mometer which  had  been  compared  with  a  Callendar-Griffiths  platinum 
thermometer  and  with  a  Tonnelot  thermometer  standardised  at  the 
Bureau  International. 
Schuster         Not  long  afterwards  Professor  Schuster  and  Mr.  Grannon  ^  made  a 
^^        determination  of  the  value  of  J  in  the    neighbourhood  of  19°  C, 
measuring  the  work  done  in  terms  of  E,  C,  and  t     The  wire  heated 
by  the  current  was  insulated  from  the  water  by  shellac  varnish;  it 
was  made  of  platinoid  and  was  760  cms.  long  and  of  about  31  ohms 
resistance.     The  stirring  was  so  slow  that  its  heating  effect  could  be 
neglected.     Radiation  errors  were  minimised  by  making  the  experi- 
ments of  short  duration  (10  mins.)  and  using  a  small  rise  of  temperature 
(about  'l"""!  C  ).     The  mean  current  was  measured  by  the  amount  of 
silver  deposited  in  a  silver  voltameter,  and  the  rise  in  temperature  bj 
a  Baudin  mercury  thermometer  which  was  directly  compared  with  * 
Tonnelot  theimonieter  standardised  at  the  Bureau  International.    The 
result  obtained  was  4*191  joules  per  calorie  at  19°  C. 

The  method  depending  on  the  measurement  of  E  and  C  was  also 
Jallendar  ^^ed  in  a  series  of  experiments  carried  out  by  Professor  Callendaraod 
^^^  Dr.  Barnes,-  but  the  motie  of  procedure  was  essentially  different.    Fig- 

85  shows  the  form  of  the  calorimeter.  A  steady  current  of  liq^^ 
flowing  through  a  fine  ghiss  tube,  1  or  2  mm.  in  diameter,  is  heated 
by  a  steady  electric  current  during  its  passage  through  the  tube,  9^ 
the  difference  of  temperature  86  between  the  inflowing  and  the  oat- 
flowing  li(|uid  is  measured  by  a  single  reading  with  a  delicate  pair  oi 
differential  platinum  thermometers.  The  difference  of  potential  E  on 
the  central  conductor  is  measured  in  terms  of  a  Clark  cell  by  means  ot 

1  Phi/.  Trans.,  p.  415,  A.,  1895.  «  /^,-rf,^  yo|,  cxcix.  A.,  1902. 
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a  very  iiccurately  calibrated  potentiometer,  which  serves  also  to 
measure  the  current  C  by  the  observation  of  the  difference  of  potential 
on  a  standard  resistance  R  included  in  the  circuit.  Neglecting  small 
corrections,  the  general  equation  of  the  inetliod  may  be  stated  in 
the  form 

ECt^nidd  +  n, 

M  being  the  total  mass  of  water  which  has  flowed  through  in  the  time 
t  and  H  the  heat-loss  due  to  radiation,  etc. 

The  advantage  of  this  method  is  that  all  the  conditions  are  steady, 
80  that  the  observations  can  be  pushed  to  the  limit  of  accuracy  and 

p 
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Fij;.  85.— Diagram  of  Callendar  and  Barnen's  8teady-flow  El»»ctric  Caloriin»*t^r. 

sensitiveness  of  the  apparatus.     The  water-equivalent  of  the  calorimeter 

is  immaterial,  since  there  is  no  appreciable  change  of  temperature. 

The  heat-loss  can  be  reduced  to  a  minimum  by  enclosing  the  flow-tube 

in  a  hermetically  sealed  glass  vacuum  jacket.     No  stirring  is  required 

if  the  tube  is  sufficiently  fine  and  the  velocity  of  flow  adequate.     The 

conditions  can  be  easily  varied  through  a  wide  range.     The  heat-loss 

H,  which  is  very  small  and  regular,  is  determined  and  eliminated  by 

varying  the  flow  of  liquid  and  the  electric  current  simultaneously,  in 

such  a  manner  as  to  secure  approximately  the  same  rise  of  temperature 

for  two  or  more  widely  different  values  of  the  flow  of  liquid. 

The  range  of  temperature  SO  was  generally  from  8°  to  10°,  in  the 
series  of  experiments  on  the  variation  of  J,  but  other  ranges  were 
tried  for  the  purpose  of  testing  the  theory  of  the  method  and  the 
application  of  small  corrections.  The  thermometers  were  read  to  the 
ten-thousandth  part  of  a  degree,  and  the  diflerence  was  probably  in 
*U  cases  accurate  to  O'^'OOl  C.  This  order  of  accuracy  could  not 
pOBsibly  have  been  attained  with  mercury  thermometers  under  the 
conditions  of  the  experiment.  Another  advantage  was  that  there  was 
uo  question  of  lag  of  the  thermometers. 

The  chief  source  of  uncertainty  in  the  results  of  all  these  experi-  Uncer- 
'^ents  lies  in  the  value  assumed  for  the  E.M.F.  of  a  Clark  cell.     The  electric' 
!       "'Ually  accepted  value,  1'4342  volts  at  15'  C,  is  derived  from  the  work  "»ii^  o< 
I       ^^  Olazebrook  and  Skinner.     Later  experiments  tend  to  show  that 
!       ^ki«  value  is  too  high.     Mr.  R.  0.  King^  obtained  the  value  1*4334, 
j       ^d  Professors  Carhart  and  Guthe  -  the  value   1*4333  volts,  both  at 

*  Caliemlar,  Phif.  Trans  ,  hx.  cit. 

^  Physical  Review,  vol.  ix.  p.  288,  1899. 
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15"  C.     The  following  table/  calculated  on  the  old  value  for  the  EM.F. 
is  given  for  the  sake  of  comparison. 

Capacity  for  Heat  of  Water  in  joules  per  T  C.  (Nitrogbx 

Thisrmobieter) 


NaniH.  Mfthud.        '  .StandanlH. 


At  15*  c.    At  ac  C 


Joule                 Mechanical  ...  i  4*171  ...      I 

Rowlaiul                    „  ...  4-186  ,    4*180 

Griffiths                  E.  K  Clark  cell  =  1-4342  4*198  "    4*192    I 

r Schuster  and           v,   ^  i  /  Clark  cell  =  1 -4340  :    i.ioa# 

XGannon  j         ^' ^  1            Ag.=0*o01118'  •■  *  ^*^ 

iCalleiiilar                y^  Clark  cell  =  1*4342  4*190  i    4*184 

i^and  Barnes  I  ' 


•  Strictly,  4*1905  joulea  at  19^  1  C. 

It  will  be  seen  here  that  the  results  of  the  electrical  methods  are 
all  :i  little  higher  than  Rowland's  result.  If  we  adopt  the  value 
1-4334  iis  the  voltage  of  a  standard  Clark  cell  at  15"*  C,  it  would 
bring  Calleudar  and  Barnes's  result  into  close  agreement  with  Rowland's. 
Grifiiths's,  and  Schuster  and  Gannon's  values  would  still  be  a  little 
higher.  This  may  perhaps  be  due  in  the  case  of  the  former  to  the 
difficulty  of  eliminating  all  constant  errors  such  as  might  arise  in  the 
estimation  of  the  resistance  of  the  wire  and  the  heat-loss  by  radiation, 
etc.,  and  in  the  case  of  the  latter  the  value  assumed  for  the  electro- 
chemical equivalent  of  silver  has  been  questioned.  On  account  of  the 
loice  of  doubt  as  to  the  true  value  of  the  E.M.F.  of  the  Clark  cell,  Professor 
**^  Callendar  prefers  to  estimate  the  value  of  the  mechanical  equivalent  as 

lue  of  .7.  follows.*-  The  experiments  carried  out  by  Barnes  between  0°  and 
100  C.  (see  Art.  174)  show  that  (whatever  the  absolute  value  of  J  may 
be)  the  mean  thermal  capacity  of  water  between  0°  and  100  is 
I'OUIG  times  its  thermal  capacity  at  20""  C.  Taking  therefore  the 
value  4  183.3  of  Keynolds  and  Moori»y  for  the  mean  thermal  c.ipacit}' 
bet\veen  0'  and  lOJ^  we  obtain  41 79  as  the  value  at  20".  Aga'"' 
Uowland's  value  ac  20 \  corrected  to  the  hydrogen  scale  by  W.  S.  D*}' 
(see  Art.  109)  is  41 81.  Taking  the  mean  of  these  two  values  as  the 
most  ]>robable,  we  get 

1  calorie -4 -180  joules  at  20''  C. 


'  This  table  is  taken  (with  slight  alteration)  from  Griffiths's  Thermal  Meas^^' 
-  Encff.  Brit.,  tenth  edition,  art.  **Calorimetry." 
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The  value  at  any  other  temperature  may  now  be  determined  from 
e  curve  of  variation  given  by  Barnes,  thus 

1  calorie  =  4  184  joules  at  l^  C] 

173.  Vapious  Methods  of  Determining  the  Dynamical  Equivalent. 

•Of  the  various  methods  of  determining  the  value  of  the  dynamical 
uivalent  of  heat,  the  method  of  fluid  friction  and  the  electrical 
3thod  are  up  to  the  present  the  only  ones  which  can  lay  claim  to  a 
;h  degree  of  precision.  In  addition,  however,  to  these  accurate 
irestigations  many  others  have  been  carried  out  by  methods  of  con- 
lerable  interest  though  of  less  precision. 

An  indirect  method  depending  on  the  theory  of  gases  has  been 
*eady  noticed  (p.  293) ;  but  this  method  is  at  best  very  imperfect,  for 
small  error  in  the  determination  of  the  ratio  of  the  specific  heats  will 
oduce  a  considerable  change  in  the  value  of  J.  Another  method, 
pending  on  the  assumption  that  all  the  work  employed  in  compress- 
l  a  gas  is  spent  in  raising  its  temperature,  has  also  been  adopted. 

applying  this  method  Joule  ^  forced  air  into  a  strong  receiver  kept 
ider  water  in  a  calorimeter,  so  that  the  heat  developed  during  the 
mpression  could  be  measured  by  the  change  of  temperature  of  the 
lorimeter.  The  work  spent  during  the  compression  was  easily 
Iculated  on  the  assumption  that  air  obeys  Boyle's  law  throughout 
e  range  of  the  experiment  (Ex.  3,  Art.  325),  and  the  materials  for  the 
(termination  of  J  are  thus  at  hand.  Instead  of  compressing  the  gas 
id  measuring  the  heat  developed,  the  reverse  process  may  be  em- 
oyed.     The  gas  may  be  first  compressed  into  a  receiver,  from  which 

can  be  subsequently  allowed  to  escape  into  the  atmosphere,  and  the 
K)liDg  produced  by  the  expansion  against  the  external  pressure  may 
B  measiu'ed.  Both  methods  were  employed  by  Joule,  who  obtained 
23  and  795  foot-pounds  by  the  compression  process,  and  820,  814, 
60  by  expansion. 

Before  any  inference  can  be  made  as  to  the  equivalence  of  the 
^ork  done  and  the  heat  developed  in  such  a  process,  it  must  be 
ftcertained  that  the  whole  work  is  spent  in  generating  heat,  and  that 
o  part  of  it  is  employed  in  altering  the  state  of  the  substance,  or,  in 
ther  words,  in  doing  internal  work.  For  this  reason  Joule  felt 
^Ddpelled  to  execute  those  experiments  (p.  286)  by  which  he  proved 
^at  no  appreciable  internal  work  is  done  during  the  compression  or 
^pansion  of  a  gas.  The  only  reliable  mode  of  procedure,  therefore,  is 
^  adopt  a  method  in  which  the  state  of  the  substance  is  the  same  at 
"^e  end  of  the  operation  as  at  the  beginning.     This  holds  good  in  all 

'  Joule,  PhiK  Mug.f  3rd  Series,  vol.  xxiii.,  1845  ;  ScieiUiJic  Papers,  p.  172. 
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fluid  friction  methods  whicli  are  consequently  much  superior  to  ill 
methods  depending  on  compression,  or  expansion,  or  |>ercusBton. 

An  interesting  determination  of  J  by  estimuting  tlie  heat  developed 
by  percussion  in  a  mass  of  lead  was  made  by  Him.^  Lead  was  choien 
liecause  it  is  highly  inelastic  It  is  for  this  reason  that  when  a  leaden 
bullet  strikes  a  target  (or  is  struck),  nearly  all  the  energy-  of  motion  ie 
converted  into  heat.  In  addition,  lead  when  struck  yields  but  little 
sound,  and  its  state  ib  not  appreciably  altered  by  hammering.  Elastic 
bodies,  on  the  otlier  hand,  when  they  collide,  rebound  and  regain  t 
luge  proportion  of  their  original  energy,  so  that  but  little  heat  w 


generated  by  the  impact.  The  _ap|>aratiis  devised  by  Hirn  is  shown 
in  Fig.  86. 

A  cylinder  of  iron  AA  weigliing  350  kilos  was  suspended,  ffilli 
its  axis  horizontal,  by  two  jMiirs  of  cords  which  compelled  it  to  mor* 
in  a  verticiil  plane  with  its  axis  always  horizontal.  This  cylindT  "^ 
used  as  tlie  hammer  or  instrument  of  percussion.  The  anvil  MB  «•* 
a  large  prismatic  mass  of  stone  weighing  941  kilos,  and  suspended  m 
the  same  way  as  the  hammer.  The  mass  of  lead  1)  to  be  opersKJ 
on  was  suspcudeil  between  the  two,  and  the  face  B  of  the  i"^" 
adjacent  to  the  lead  was  cased  with  iron  to  recuive  the  blow. 

In  making  an  cxperimi'ut  the  hammer  was  drawn  back  by  a  ueli''- 
and  the  height  to  which  it  was  I'aised  was  accurately  measured.  " 
was  then  let  full  upon  the  lead,  and  the  recoil  of  the  anvil  *^ 
registered  by  a  sliding  indicator  which  was  pushed  back  and  ib'" 


'   llir 


n.;o. 


.:  J/A-u- 


c  lie  In  Chnteur,  t 


:.  II.  96,  3nl  ed. 
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lined  in  silu.  An  observer  also  noted  the  advance  or  recoil  of  the 
tner  after  the  blow,  and  from  these  data  the  work  spent  in  per- 
on  could  be  easily  calculated.  Before  the  blow  was  delivered  the 
terature  of  the  lead  was  taken  by  inserting  a  thermometer  t  into  a 
drical  cavity  made  in  the  mass,  and  immediately  after  the  blow 
oass  of  lead  was  removed  and  hung  up  by  two  stnngs  provided 
he  purpose,  so  that  the  axis  of  the  cavity  was  vertical.  This 
Y  was  immediately  filled  with  ice-cold  water,  which  was  stirred 
the  rise  of  temperature  noted.  The  value  425  grammetres 
)btained  by  Hirn  in  this  manner,  which  is  remarkably  good  con- 
ing the  nature  of  the  experiment  The  following  details  will 
rate  the  method  : — 


Height  of  fall  of  hammer 

1-166  m. 

Recoil  of  hammer 

0  087  m. 

,,     ofauvil 

0103  m. 

Weight  of  lead 

2-948  kg. 

Temperature  before  blow 

7"-873 

,,           four  minutes  after 

12''-1 

,,           eight  minutes  after 

ir-75 

„           of  air 

•                         •                         • 

8'^ -8 

Weight  of  water  placed  in 

cavity 
1 •              .1.1               I 

0-0185  kg. 
1 

in  indirect  method  depending  on  the  theory  of  saturated  vapours 
350)  has  also  been  employed,  but  on  account  of  the  difficulty 
q>erimentally  determining  the  densities  or  specific  volumes  of 
ated  vapours,  this  method  is  better  suited  for  the  calculation  of 
ur  densities  from  the  knowledge  of  the  value  of  J  than  for  the 
lation  of  the  latter  quantity. 

The  heat  developed  in  a  copper  disc  when  rotated  in  a  magnetic 
also  furnishes  a  method  of  evaluating  J,  but  the  heat  lost  while 
iisc  is  rotating  and  while  it  is  being  transferred  to  the  calorimeter 
I  lead  to  uncertain  corrections.  This  method  was  used  by  M.  Violle 
870. 

kn  ingenious  mode  of  measuring  J,  which  should  be  capable  of 
Qg  accurate  results  has  been  devised  by  MM.  Bailie  and  Fery.^ 
iniformly  rotating  magnetic  field  is  produced  by  means  of  poly- 
pe alternating  electric  currents.  Within  the  field  is  placed  a 
per  cylinder  balanced  on  a  vertical  axis,  and  surrounded  by 
cr.  The  cylinder  tends  to  turn  with  the  magnetic  field,  but 
ield  stationary  by  a  couple  which  is  accurately  measured.  The 
^uct  of  this  couple  into  the  number  of  revolutions  of  the  magnetic 
^  represents  the  work  done  in  producing  eddy  currents  in  the 
'per  cylinder.     This  work  is  spent  in  heating  the  copper,  and  the 

*  Comptfs  Jiendus,  torn,  cx.wi.  p.  1494,  1898. 
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heat  produced  is  measured  by  observing  the  rise  in  temperature  of 
the  water.  As  the  temperature  rises  the  couple  diminishes  owing  to 
increase  in  resistance  of  the  copper,  but  this  difficulty  could  be  got 
over  by  employing  the  steady-flow  method,  which,  moreover,  could  be 
arranged  so  as  to  ensure  proper  mixing.  The  point  in  favour  of  this 
method  is  that,  while  it  possesses  the  advantages  of  the  electrical 
method,  yet  the  work  done  is  measured  in  mechanical  units,  thns 
avoiding  the  uncertainties  in  the  electric  measurements.] 

Other  methods,  such  as  the  steam-engine  experiments  of  Hirn 
(p.  48),  and  those  of  Edlund  on  the  expansion  and  contraction  of 
metals  are  excellent  as  illustrations  of  the  dynamical  theory,  but  ther 
cannot  be  regarded  as  possessing  any  accuracy.  The  chemical  action 
which  takes  place  in  a  voltaic  battery  or  in  a  voltameter  also  furnishes 
a  methoil  of  evaluating  J. 

The  dynamical  equivalent  of  heat  has  also  been  determined 
experimentally  by  the  change  of  temperature  produced  when  a  liquid 
escapes  under  pressure  from  an  orifice,  or  when  a  liquid  is  forced 
through  capillary  tubes.  By  the  escape  of  water  under  pressure  Hirn 
found  the  value  433  grammetres,  and  by  forcing  water  through  » 
piston  perforated  with  small  holes  Joule  obtained  the  number  770 
foot-pounds.  Table  III.  of  the  Appendix  contains  the  results  obtained 
by  the  various  methods. 

^174.  Specific  Heat  of  Water. — One  of  the  most  important  re- 
searches in  the  whole  range  of  calorimetry  is  the  accurate  investigation 
of  the  variations  of  the  specific  heat  of  water,  especially  l)€tween  0 
and  100''  C  If  the  unit  of  heat  be  defined  as  the  quantity  neces- 
sary to  raise  the  temperature  of  unit  mass  of  water  from  19^*5  to 
20  "5  C,  then  if  the  thermal  capacity  of  unit  mass  be  not  the  same  at 
all  temperatures,  and  if  the  variations  with  temperature  be  not  known, 
it  would  be  necessary  in  any  experiment  to  start  always  with  as  much 
water  in  the  calorhncter  at  19  •.")  C.  as  would  just  attain  the  final 
temperature  of  20''*5  C.  The  quantity  of  water  employed  (together 
with  the  equivalent  of  the  calorimeter,  etc.)  would  then  represent  the 
quantity  of  heat  given  out  by  the  immersed  body  in  cooling  from  its 
initial  temperature  to  20° '5  C. 

The  direct  mode  of  investigating  the  variations  of  the  specific  beat 
of  water  is  that  adopted  by  the  earliest  experimenters  on  this  subject 
(De  Luc  and  Flaugergnes),  namely,  by  mixing  known  weights  of  water 
at  different  temperatures  and  observing  the  temperature  of  the  mixture- 
By  this  method  Flaugergnes  ^  found  that  the  specific  heat  of  co'" 

^  Quott'd  l»y  Rowlaml,  Proc  Ahirncan  Academy  of  Arts  and  Scimces,  vol.  vn.  ^ 

120,  1871>-S0.  ' 
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iter  was  slightly  greater  than  that  of  warm  water,  as  shown  by  the 
[lowing  nambers,  temperature  being  in  degrees  Reaumur : — 

8  parts  of  water  nt  0**  4- 1  part  at  80'*  gave  19°-86  R. 
2  parts  of  water  at  0^  +  2  parts  at  80"*  gave  39*" '81  K. 
1  part  of  water  at  C  +  S  parts  at  80*  gave  59** '87  R. 

It  does  not  appear  certain,  however,   that  due  precautions  were 
ken  to  guard  against  errors  arising  from  radiation  and  evaporation, 
to  correct  for  the  thermal  capacity  of  the  calorimeter. 

The  first  experiments  of  any  accuracy  were  those  of  F.  E.  Neu- 
ann,^  who  found  in  1831  that  the  specific  heat  of  water  at  the 
dling  point  was  about  101 27  times  that  at  28''  C.  The  next  experi- 
ents  were  those  of  Regnault^  in  1840,  from  which  he  deduced  that 
e  mean  specific  heat  between  16°  C.  and  100°  C,  compared  with 
at  between  10'  and  15°,  was  from  100709  to  10089.  He  further 
:tended  his  researches  to  temperatures  above  the  boiling  point,  and 
und  that  the  results  of  his  experiments  at  temperatures  up  to  230°  C. 
ere  represented  by  the  formula 

s  =  l+  0-00004^  +  0  0000009^-. 

his  formula  indicates  a  gradual  increase  of  specific  heat  as  the  tem- 
)ratare  rises. 

Somewhat  later  Pfaundler  and  Platter^  supposed  that  they  had 
scovered  important  variations  in  the  specific  heat  of  water  in  the 
)ighbourhood  of  the  temperature  of  maximum  density.  They 
timated  that  it  fell  from  unity  at  zero  to  0*9512754  at  1^  and 
len  increased  gradually  to  11933497  at  6°*5,  and  afterwards  fell 
i  1*0728772  at  10°  C.  The  method  of  mixtures  was  employed,  but 
most  immediately  afterguards  it  was  shown  by  the  investigations 
r  Him,  as  well  as  those  of  MM.  Jamin  and  Amaury,  that  no  such 
uriations  occur.  •  The  method  adopted  by  Him  *  was  excellent  and 
igenioos  in  design,  but  difficult  to  carry  into  execution  with  accuracy. 
t  consisted  essentially  in  supplying  equal  quantities  of  heat  to  a 
iven  mass  of  water  when  at  different  temperatures,  and  observing 
he  change  of  temperature.  The  method  by  which  the  equal  quantities 
f  heat  were  supplied  was  by  heating  a  large  water  thermometer, 
nth  a  metal  bulb  of  about  200  c.c.  capacity,  and  then  immersing  it 
n  the  calorimeter  till  the  column  in  its  stem  fell  through  a  certain 
nterval,  when  it  was  at  once  withdrawn.     The  change  of  temperature 

*  Neumaun,  Pogy.  Ann.,  vol.  xxiii.  p.  40,  1831. 

*  Regnault,  Relation  dea  Ejrp^rienas,  torn.  i.  p.  729  ;  or  M^moircs  dn  VAcadimic 
Co  Sciences,  torn.  xxi. 

*  Pfaundler  and  Platter,  Pofjg.  Ann.,  vol.  cxl.  ]>.  575  :  vol.  cxli.  p.  537,  1870. 

*  Hirn,  Comples  Itendns,  torn.  Ixx.  j»|>.  592,  831,  1870. 
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of  the  calorimeter  by  this  communication  of  heat  was  only  about  V 
or  l'^*5  C,  and  the  chief  difficulty  was  to  estimate  this  change  with 
accuracy.  In  the  method  ^  adopted  by  Jamin  and  Amaury  ^  the  water 
was  heated  by  the  passage  of  an  electric  current  through  a  spiral  of 
wire  immersed  in  it,  and  if  proper  precautions  were  taken  in  the 
observations,  and  due  allowance  made  for  the  variation  of  the  re- 
sistance of  the  spiral  with  temperature,  the  method  should  be  capable 
of  giving  excellent  results.  The  formula  deduced  as  representing  tlie 
results  of  their  experiment  was 

jt=l+00011^  +  0-0000012^. 

This  formula  indicates  a  gradual  increase  of  specific  heat  as  the 
temi)erature  rises,  but  the  amount  of  variation  indicated  is  exceedingly 
high. 

The  first  experiments  of  sufficient  accuracy  to  discover  the  true 
nature  of  the  variations  of  the  specific  heat  of  water  were  those  made 
by  Rowland  in  his  exhaustive  determination  of  the  dynamical  equiva- 
lent  of    heat.     If  it  be  assumed  that  the  value  of   the  dynamical 
equivalent,  determined  by  means  of  the  friction  of  a  liquid  of  assumed 
constant  specific  heat,  must  be  the  same  whatever  the  initial  temperature 
of  the  liquid,  then  if  variations  in  its  value  are  obsei*ved  when  the  liquid 
is  used  at  different  temperatures,  these  variations  must  be  attributed 
to  changes  of  the  specific  heat  of  the  liquid.     In  operating  through  a 
wide  range  of  temperature  Rowland  found  that  the  values  of  J  obtained 
at  different  temperatures  indicated  that  the  specific  heat  of  water  fell 
to  a  minimum  at  about  30°  C.     That  is,   that  the  specific  heat  of 
water   did    not   gradually  increase    from    zero,   but    that   a   gradual 
diminution  occurred  up  to  about  30"  C,  and  then  a  gradual  increase 
set  in.     This  point  was  further  tested  and  placed  beyond  doubt  by 
actual    calori metric    observations    of    the    most    careful    nature,  the 
apparatus  employed  for  this  purpose  being  similar  to  that  designed 
by  Regnault  (Fig.  64)  for  the  determination  of  the  specific  heats  of 
liquids.     The  results  obtained  by  the  dynamical  equivalent  apparatus 
are,  in  Rowland's  opinion,  of  surpassing  accuracy  (see  Art  169). 

The    work    of    Rowland     lias    been    confirmed    by    Bartoli 
Stracciati,^  who  find  a  minimum  value  of  the  specific  heat  at  20°  C 

^  The  mcthoil  of  gt'iu-ratiii^  equal  tjuantities  of  heat  in  two  calorimeters  by  ©«*"' 
of  an  cUrtvic  ciureiit,  ami  thus  comparing;  the  si>ecific  heats  of  two  liquids,  was  firs 
sujjgested  by  Joule  as  an  accurate  method  in  ealoritnetry. — Joule,  Mem,  Manche»^ 
I'hV.  Soc,  vol.  vii.  p.  f>.'9.  184.'). 

-  Jamin  ami  Amaury,  Comptrs  Jlendns,  torn.  Ixx.  p.  661,  1870.  .. 

'■'  A.    Haituli  and   E.   Stracciati,  Bo//,   niaut.  dt/T  Ace.   Gioema,  18,  26th  ip"' 
ISiU.      licil'hiltiir  IK  (ku  Anmx/fn  dcr  P/njsi/c  und  Clumie^  Band  xv.  p.  761,  IS^^* 
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[The  researches  of  Dr.  Barnes  with  the  apparatus  described  in  Art. 
172  afford  perhaps  the  most  reliable  results  as  to  the  variation  of  the 
;pecific  heat  of  water.  According  to  his  determinations  the  specific 
teat    attains  a  minimum  value  at   a  temperature  of   37°*5  C.     The 
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ccompanying  curve  shows  the  character  of  the  variation.  Appended 
lelow  is  a  table  containing  the  values  of  the  specific  heat  at  different 
ein[)eratures  in  terms  of  that  at  20°  as  unit.  This  table  was  given 
ij  Prof.  Callendar.' 


Temp. 
C. 

Joalos. 

8p.  Ht^t. 

0 

0 

4-208 

1  -0094 

5 

4-202 

1  0054 

10 

4-191 

1  0027 

15 

4-184 

1*0011 

•JO 

4-180 

1-0000 

2.S 

4-177 

0-9992 

30 

4175 

0-9987 

Temp. 
C. 


Joules. 


35 

4-173 

40 

4-173 

50 

,    4175 

60 

'    4180 

70 

1    4-187 

80 

4194 

90 

4-202 

Sp  Heat. 


0-9983 
0-9982 
0-9987 
1-0000 
1-0016 
1-0033 
1  0053 


Temp. 
C. 


100 
120 
140 
160 
180 
200 
220 


Joules. 


4-211 
4-231 
4-254 
4-280 
4-309 
4-341 
4-376 


Sp.  Heat. 


1  0074 
1-0121 
10176 
1  -0238 
1-0308 
1-0384 
1-0467 


The  same  method  was  applied  by  Barnes^  to  determine  the 
variation  of  the  specific  heat  of  mercury  with  temperature,  using  the 
mercury  itself  to  convey  the  current.     He  gives  the  formula 

$0=  -033458  -  (1-074^  -  -00385^)10-*. 

A  very  careful    series  of   observations  on   the    variation  of    the  Ludin's 
M^ecific  heat  of  water  between  0°  and  100°  C.  was  carried  out  by  ^^^jj^^' 
L«udin*  under  the  direction  of   Prof.  Pernet,  using  the  method  of 
''fixtures.     Great  attention  was  paid  to  the  thermometry,  thermometers 
^^  the  Paris  type  being  employed,  with  the  usual  precautions.     The 

^ncy.  Brit.f  Art.  "  Calorimetry. "  Dr.  Barnes  also  gives  a  table  (PhiL  I'rans.^ 
J^*^'*  cxcix.,  1902)  but  adopts  a  ditFerent  standard,  and  does  not  reduce  to  the 
"ydrogen  thermometer. 

*  ^rii.  Assoc.  Rep.,  p.  530,  1902. 
*^iihefband  der  wUurforschenden  Gesefhchafty  Ziiricli,  1896. 
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experiments  were  arranged  to  give  a  rise  of  temperature  of  11°  to  18' 
and  the  results  were  closely  concordant  The  values  obtained  indi- 
cate a  minimum  at  25°  and  a  maximum  at  87°.  It  is  not  at  all 
certain,  however,  that  the  method  is  free  from  constant  errors.  Prof. 
Callendar  thinks  that  the  rapid  rise  in  value  of  the  specific  heat  from 
25"  to  75°  may  possibly  be  due  to  radiation  error  from  the  hot- water 
supply,  and  the  fall  between  90°  and  100°  to  loss  of  heat  by  evapora- 
tion of  the  nearly  boiling  water  on  its  way  to  the  calorimeter.  These 
sources  of  error  could  not  occur  in  the  Callendar-Bames  method,  and 
besides  the  range  in  the  latter  was  only  8°  to  1 0^  so  that  the  results 
would  be  less  affected  by  the  variation  between  the  limits  of  tempera- 
ture in  any  one  experiment.  It  should  be  noticed,  however,  that 
Liidin's  results  agree  very  well  with  those  of  Barnes  except  at  the 
iiigher  tempei-atures. 

1/176.  Choice  of  Thermal  Unit — The  question  of  the  choice  of  a 
thermal  unit  is  a  somewhat  vexed  one.  Since  the  specific  heat  of 
water  varies,  the  calorie  will  not  be  fully  defined  unless  we  specify  the 
particular  degree  of  temperature  through  which  the  unit  mass  of  water 
is  to  be  heated.  In  Art.  21  we  have  adopted  the  range  19^*5  to 20"o, 
which  amounts  to  taking  the  specific  heat  of  water  at  20°  C.  as  the  unit 
of  specific  heat.  The  temperature  4^  to  5°  was  commonly  adopted  some 
years  ago,  but  there  is  no  advantage  in  selecting  the  temperature  of 
maximum  density  of  water ;  indeed,  the  temperature  of  minimum 
specific  heat  would  be  a  more  natural  one  to  choose,  as  the  value  is 
here  practically  constant  over  a  considerable  range.  But  the  i>ara- 
mount  consideration  is  to  choose  a  temperature  at  which  the  value  of 
the  dynamical  equivalent  is  known  with  the  greatest  certainty,  afld  the 
best  determinations  are  those  which  have  been  carried  out  at  ordinary 
temperatures.  Many  physicists  are  in  favour  of  choosing  15  C.  as 
the  standard,  and  it  possesses  the  simplification  of  being  a  temperature 
to  which  several  other  physical  measurements  are  referred.  Principal 
Griffiths  recommends  the  calorie  between  17°  and  18°  C.  as  being 
equal  to  the  mean  calorie  between  0'  and  100°.  Prof.  Callendar 
adopts  20^  C.  and  suggests  that  the  calorie  be  defined,  not  as  the 
heat  required  to  raise  1  gramme  of  water  from  19°'5  to  20°*5,  but  as 
the  mean  value  between  15^  and  25''  of  the  quantity  of  heat  reqiur«d 
to  raise  1  gramme  of  water  1'.  This  is  because  all  calorinietric 
measurements  practically  involve  a  range  of  several  degrees,  and  the 
mean  calorie  between  15°  and  25'  is  not  very  different  from  the  mean 
between  0^  and  100'  wliich  is  sometimes  convenient.  The  unit 
proposed  by  a  committee  of  the  British  Association  in  1896,  nainel}' 
the  value  of  the  calorie  at  such  a  temperature  as  would  make  it  equal 
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to  4*200  joules,  is,  as  Prof.  Callendar  remarks,  merely  an  absolute 
unit  in  disguise,  and  leaves  the  actual  temperature  uncertain.] 

The  speci6c  heat  of  a  saturated  vapour  is  discussed  in  Chap.  VIII. 
Sec.  v.,  and  the  case  of  a  non-saturated  or  superheated  vapour  is 
noticed  in  Art.  202. 


CHAPTER   V 

CHANGE  OF  STATE 


SECTION   I 


FUSION 


1 76.    Normal  Fusing  Point. — When  the  temperature  of  a  solid  is 
graduallv'  raised,  a  stage  is  reached  at  which  the  substance  passes  into 
the   liqtii<i   state.     For  each  crystalline  substance  there  is,  generally 
speaking,   a  definite  temperature  at  which,  under  given  conditions,  it 
ixasses  from  the  solid  to  the  liquid  state,  or  vice  versd.     That  is,  when  the 
temperature  is  above  this  point  the  substance  exists  in  the  liquid  state, 
and  below  it  in  the  solid  state.     This  temperature  is  called  the  fusing 
Doint  (or  the  melting  point)  of  the  substance  under  the  given  conditions, 
and  is  such  that  when  the  temperature  of  the  solid  is  rising  liquefaction 
occurs  here,  and  when  the  temperature  of  the  liquid  is  falling  solidifica- 
tion sets  in  at  the  same  point.     Thus  at  0°  C.  ice  melts  and  water 
solidifies  under  the  pressure  of  one  atmosphere,  and  0°  C.  is  said  to  be 
the  normal  fusing  point  of  ice.     We  say  the  normal  fusing  point,  for 
circumstances  may  occur,  as  we  shall  see  later  on,  under  which  water 
niav   not  solidify  even  though  its  temperature  is  considerably  below 
qo  q       Similar  abnormal  results  are  presented  by  other  substances,  the 
liouid  state  often  persisting  at  a  temperature  considerably  below  that 
'  t  which  the  substance  ordinarily  solidifies. 

In  the  case  of  ice  the  melting  point  is  distinct  and  sharply  marked. 
There  is   no  perceptible  difference  of  temperature  between  the  melting 
solid  and  the  liquid  into  which  it  passes.     At  0'^  C.  water  substance 
exist  in  three  very  distinct  forms,  either  as  a  hard  solid,  a  mobile 
r      id    or  an  attenuated  vapour.     It  is  very  different,  however,  with 
other    substances.     In  the  case  of  fats,  wax,  glass,  iron,  and 
h       amorphous  substances,  there  is  no  definite  point,  sharply  marked,  Amorph 
hich  it   <^^  ^  ^*^  *^®  substance  melts.     As  the  temperature  of  ^^^^'^'"' 
lid    rises    the  substance  becomes  more  and    more  plastic.     It 
-      llv   attains  a  semi-solid  viscous  condition,  in  which  it  possesses 
^'^  h        the  properties  of  a  solid  nor  of  a  liquid  distinctly.     The  process 
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of  fusion  is  gradual,  and  the  body  passes  by  no  sudden  transition  from 
the  solid  to  the  liquid  state. 
Crystals.  This  gradual  passage  from  the  solid  to  the  liquid  state  is 
characteristic  of  amorphous  bodies,  whereas  those  which  crystallise  on 
solidification  have  in  general  a  definite  fusing  point  at  which  the 
substance  may  exist  simultaneously  in  the  two  states.  It  is  only  solidB 
having  a  crystalline  structure  that  have  a  definite  melting  point,  and  at 
other  temperatures  only  one  of  the  states  is  stable.  At  this  temperature 
the  molecules  arrange  themselves  in  the  regular  order  which  determines 
the  crystalline  structure. 

In  amorphous  bodies,  on  the  other  hand,  there  is  no  definite 
arrangement  of  the  molecules  at  any  temperature,  the  amorphoos 
condition  of  the  solid  forms  a  continuation  of  the  liquid  state  as  far 
as  want  of  regular  molecular  arrangement  is  concerned,  and  such 
substances  have  no  definite  melting  point. 

177.  Laws  of  Fusion. — The  general  laws  which  govern  the  pheno- 
mena of  fusion  and  solidification  may  be  summarised  as  follows  : — 

(1)  For  a  given  pressure  the  temperature  of  fusion  is  fixed,  and  is 
the  same  as  that  of  solidification,  and  consequently,  while  fusion  (or 
solidification)  is  taking  place  the  temperature  of  the  whole  mass 
remains  constant. 

(•2)  During  fusion  heat  is  absorbed  by  the  substance  (latent  heat), 
and  an  equal  quantity  of  heat  is  disengaged  during  solidification. 

178.  Surfuslon — Unstable  Condition. — A  liquid  which  has  a 
definite  freezing  point — that  is,  one  which  crystallises  on  solidifying, 
may,  if  carefully  and  slowly  cooled,  be  reduced  to  a  temperature  much 
Ixjlow  the  normal  freezing  point  without  solidification  setting  in.  This 
anomalous  condition  is,  however,  unstable,  for  if  the  over-cooled  liquiJ 
be  disturbed,  or  if  a  small  piece  of  the  crystalline  solid  be  placed  in 
contiict  with  it,  soliditic.ition  at  once  sets  in  and  continues  until  the 
temperature  rises  to  the  normal  freezing  point. 

This  phenomenon  of  surfusion,  as  it  is  termed,  was  noticed  as  earij 
as  1724  by  Falirenheit.^  He  found  that  a  glass  bulb  filled  with  water 
and  hermetically  sealed  remained  at  a  temperature  considerably  belo«r 
the  freezing  point  without  solidification  setting  in,  but  that  on  breaking 
off  the  stem  solidification  set  in  with  rapidity.  Gay-Lussac^  ^ 
oV)served  that  water  placed  in  a  vessel  and  covered  with  a  layer  of  o» 
remained  Mqnid  at  -  12"  C,  but  a  slight  shake  was  sufficient  to  start 
solidification.     Despretz  -^  observed  the  same  efibet  in  capillary  tubes 

'   Falireulieit,  r/ul.  Trans.,  vol.  xxxvlii.  p.  78,  1724. 

-  Ouy-Lussac,  Aun.  d^  Chimic,  2^  torn.  IxiiL  p.  863,  1836. 

^  Dospretz,  Comptrs  Hendus^  torn.  v.  p.  19,  1837. 
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filled  with  water;  and  it  is  perhaps  for  this  reason  that  at  low 
temperatures  the  sap  often  remains  unfrozen  in  the  capillary  vessels  of 
plants. 

This  property  is  not  peculiar  to  water.  It  may  be  observed  in 
many  other  substances  when  the  cooling  is  conducted  cautiously.  In 
the  case  of  melted  phosphorus  cautiously  cooled  below  the  freezing 
point,  a  fragment  of  amorphous  phosphorus  is  found  to  be  inactive  in 
producing  solidification,  while  a  fragment  of  ordinary  phosphorus  at 
once  starts  congelation.  The  introduction  of  a  fragment  of  the  solid 
is  not  in  general  necessary  to  set  up  solidification  in  the  over-cooled 
liquid.  Mechanical  actions,  such  as  the  vibration  caused  by  the 
friction  of  a  glass  rod  against  the  bottom  of  the  containing  vessel, 
suffices  in  general  to  initiate  solidification.    • 

As  soon  as  solidification  sets  in  there  is  an  evolution  of  heat,  and 
the  freezing  continues  till  the  heat  evolved  is  sufficient  to  bring  the 
whole  mass  to  the  normal  fusing  point.  Further  solidification  will  now 
cease,  unless  the  substance  continues  to  lose  heat  by  radiation  or 
otherwise. 

This  property  has  been  utilised  by  M.  Gernez^  and  others  to 
determine  the  normal  temperature  of  fusion.  The  liquid  under 
examination  is  cautiously  cooled  to  a  temperature  below  the  normal 
fusing  point.  Solidification  is  then  excited,  and  part  of  the  substance 
separates  in  the  solid  form,  the  temperature  at  the  same  time  rising  to 
that  of  normal  fusion.  This  is  noticed  by  means  of  a  thermometer 
placed  in  the  substance. 

M.  Dufour^  contrived  to  cool  small  spherules  of  water  to  -  20°  C. 
without  solidification.  The  method  adopted  was  similar  to  that 
employed  by  M.  Plateau  in  the  study  of  the  equilibrium  of  liquids 
relieved  from  the  action  of  gravity.  Small  droplets  of  the  liquid  were 
suspended  in  another  liquid  of  equal  density  and  lower  freezing  point. 
The  suspended  drops  were  thus  freed  from  the  action  of  gravity,  and 
floated  freely  in  the  bath  as  spherical  globules.  In  this  manner  M. 
Dufour  succeeded  in  reducing  to  -  20°  C.  the  temperature  of  water 
^plets  suspended  in  a  mixture  of  chloroform  and  oil  of  sweet 
almonds.  The  temperature  of  similar  drops  was  also  raised  as  high  as 
^78^  C.  without  boiling,  while  drops  of  liquid  sulphur  were  reduced 
helow  0°  C.  in  a  solution  of  chloride  of  zinc,  and  in  a  water  bath  drops 
^  naphthalene  were  cooled  to  40°  C. 

In  these  experiments  the  over-cooling  of  the  drops  is  more  easily 
^d  securely  obtained  the  smaller  their  diameters,  and  the  over-cooled 

^  Journal  de  Physique,  torn.  v.  p.  212. 
*  Dafour,  Ann,  de  Chimie,  S*',  torn.  Ixviii.  p.  370,  1863. 
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drops  at  once  solidify  when  touched  with  a  fragment  of  the  solid. 
They  also  solidify  when  touched  with  a  solid  of  different  material ;  in 
this  case,  however,  the  solidification  does  not  appear  to  be  so  certain, 
and  the  action  probably  arises  from  local  agitation  of  the  drop. 

Similar  over-cooling  of  small  water  drops  may  occur  in  the 
atmosphere,  and  if  this  happens  the  experiments  of  Dufour  throw  light 
upon  the  formation  of  hail,  hoar-frost,  etc.,  whether  in  the  atmosphere 
itself  or  in  contact  with  the  surfaces  of  other  bodies. 

179.  Fusion  of  Alloys. — Alloys  formed  of  two  or  more  metals, 
although  they  obey  the  general  laws  of  fusion,  possess  the  |)eculiar 
property  of  fusing  at  a  temperature  generally  lower  than  the  melting 
point  of  any  of  the  constituent  metals.  Thus  an  alloy  of  5  parts  of 
tin  and  1  part  of  lead  fuses  at  194^^  C,  and  Rose's  fusible  metal,  which 
consists  of  4  parts  of  bismuth,  1  of  lead,  and  1  of  tin,  melts  at  94°  C. 

Similar  results  occur  in  the  case  of  mixed  salts.  Thus  a  mixture 
of  the  chlorides  of  sodium  and  i>otassium  fuses  at  a  lower  temperature 
than  either  constituent,  and  a  mixture  of  equivalent  quantities  of  the 
carbonates  of  sodium  and  potassium  melts  at  a  temperature  below  the 
fusing  point  of  either,  and  is  used  to  facilitate  the  fusion  of  certain 
minerals  in  chemical  analysis. 

In  most  cases,  however,  alloys  melt  like  amorphous  bodies.     There 
is  at  first  a  general  softening  of  the  whole  mass.     As  the  temperature  is 
raised  the  most  fusible  constituent  melts  first,  and  if  it  is  plentiful  in 
the  alloy  it  liquefies  the  whole  mass,  but  if  it  is  present  only  in  a  small 
proportion  its  liquefaction  only  brings  the  mass  to  the  i)asty  condition 
of  an  amalgam  ;  so  that  complete  liquefaction  is  only  attained  when  the 
melting  point  of  tlie  less  fusible  constituent  is  reached.     If  the  liqiii<^ 
substance  be  now  gradually  cooled,  the  temperature  is  found  to  fall  till 
the  melting  point  of  the  less  fusible  constituent  is  reached.     Here  it 
remains  stationary  till  the  solidification  of  this  piirt  is  completed,  the 
latent  heat  of  liquefaction   being  at  the  same   time  evolved.    This 
completed,   the  temperature  of  the  now    more   or    less   pasty  laass 
gradually  falls  to  the  melting  point  of  the  more  fusible  part  of  the 
alloy.     Here  the  temperature  again  remains  stationary  till  complete 
solidification  is  effected. 

Rudberg,^  to  whom  these  observations  are  due,  found  that  in  the 
case  of  a  mixture  of  lead  and  tin  the  lower  fixed  point  remained* 
stationary  at  187',  whatever  the  proportions  of  lead  and  tin.  The 
higher  fixed  point,  on  the  other  hand,  depended  on  the  proportion  of 
the  constituents.     It  approached   the  lower  fixed  point,  and  finalv 

'  Riidberij,  Pogfj.  Jjhi.,  vol.  xviii.  p.  240  ;  vol.  xix.  p.  125  ;  and  Ann.deChi«^^^ 
lis  torn,  xlviii,  p.  353,  1S31. 


r.  180 


FUSION 


339 


PbSn,     . 

194** 

BiSn3     . 

PbSn^    . 

189 

BiSoj     . 

PbSn^    . 

186 

BiSii      . 

PbSno     . 

196 

PbSn^Bi. 
Pb2Sn.iBi5 

PbSn*     . 

•241              ' 

Pb;^i,     . 

289 

PbSnBi^ 

icided  with  it  as  the  composition  of  the  alloy  approached  the 
mula  PbSn^  in  which  case  there  is  only  a  single  fixed  point,  and 
fusion  takes  place  as  for  a  simple  body.  For  this  reason  PbSnj  is 
arded  as  a  chemical  alloy.  On  increasing  the  proportion  of  either 
i  or  tin  the  variable  point  of  fusion  reappears  and  attains  a 
sdmum  at  the  fusing  point  of  lead  or  tin,  according  as  one  or  other 
n  excessive  preponderance. 

Tablp:  of  Melting  Points  of  Alloys 

200^ 
167 
141 
118-9 
100 
94 

180.  Change  of  Volume  during  Fusion. — The  majority  of  sub- 
Qces  occupy  a  larger  volume  in  the  liquid  than  in  the  solid  state, 
general,  expansion  occurs  during  liquefaction.  Several  substances, 
rever,  contract  on  melting,  a  notable  example  being  ice.  In  the 
mer  case  the  solid  will  sink  in  the  liquid,  and  in  the  latter  it  will 
It. 

The  change  of  volume  which  accompanies  the  change  of  state  from 
id  to  liquid  may  be  estimated  by  the  weight  thermometer  (Art. 
).  A  known  weight  w^  of  the  solid  substance  is  placed  in  the 
.b  of  the  thermometer,  and  the  instrument  is  then  filled  up  with  a 
ight  Wo  of  some  liquid  which  has  no  action  on  the  solid.  By 
dicing  the  weight  of  liquid  expelled  between  two  chosen  temperatures 
.ow  the  melting  point,  the  coefficient  of  expansion  of  the  solid  may 
obtained  in  the  ordinary  way  ;  and  similarly,  b\^  observations  above 
3  melting  point,  the  coefficient  of  expansion  of  the  same  subst^mce 
the  liquid  state  may  be  obtained.  A  curve  may  then  be  plotted, 
owing  the  relation  between  volume  and  temperature  under  constant 
esBure,  both  in  the  solid  and  liquid  states  as  well  as  in  the  passage 
5m  the  one  state  to  the  other.  To  determine  the  latter  we  require 
e  weight  w  of  the  liquid  expelled  from  the  thermometer  during  fusion. 

The  observations  of  the  change  of  volume  may  be  made  in  a  con- 
ouous  manner  by  enclosing  the  substance  in  a  large  thermometer 
lib,  furnished  with  a  graduated  stem.  The  variation  of  level  of  the 
^uid  in  the  stem  indicates  the  manner  in  which  the  volume  changes 

the  neighbourhood  of  the  fusing  point.     This  relation   has  been 
camined  by  G.  A.  Erman  ^  and  H.  Kopp.- 

*  G.  A.  Emian,  Pogy,  Ann.,  vol.  ix.  p.  557,  1827;  Ann.  de  Chimie  et  dc  Pluisique, 

torn.  xl.  p.  167. 

'  H.  Kopp,   Liebig's  Annalen^  vol.  xciii. 
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Fig.  88— Water-sulwtance. 


In  the  case  of  ice  Erman  found  below  zero  a  mean  coefficient  of 
dilatation  0  00005 7.  The  increase  of  volume  of  the  ice  with  tempera- 
ture is  represented  by  the  part  AB 
of  the  curve  in  Fig.  88.  At  the 
point  of  liquefaction  there  is  a  veiy 
rapid  contraction,  which  continues 
after  the  whole  mass  is  liquefied,  in 
a  much  smaller  degree,  however, 
till  the  temperature  has  risen  to  4' 
C,  represented  by  the  point  D. 
Here  the  density  is  greatest.  Bejond 
this  point  the  liquid  at  first  dilates  rapidly  along  DE,  and  then 
expands  uniformly  along  the  line  EF,  the  mean  expansion  of  the 
water  here  being  less  than  that  of  the  ice  along  the  line  AR  Kopp 
finds  that  the  change  of  volume  at  zero  is  much  more  sudden  than 
that  indicated  by  Erman. 

In  the  case  of  phosphorus  the  expansion  of  the  solid  is  represented 
by  the  line  AB  (Fig.  89),  and  in  the 
liquid  by  the  line  CD.  The  part  BC 
represents  the  change  at  the  melting 
point.  It  has  not  been  determined 
accurately,  but  it  is  probably  very 
nearly  parallel  to  the  axis  of  volume. 
The  inclinations  of  the  lines  AB  and 
CD  show  that  the  expansion  is  greater 
in  the  liquid  than  in  the  solid  state.  ^''«-  8^-Ph^i>^«™«- 

A  fusible  alloy,   consisting  of  1   part  of  tin,   1   of  lead,  and  2  of 
bismuth,  gave  a  curve  of  great  interest.     The  expansion  of  the  solid  is 

represented  by  the  line  AB,  and 
that  of  liquid  by  FG,  which  is  » 
continuation  of  AB,  showing  that 
the  expansion  of  the  liquid  is  the 
same  as  that  of  the  solid.  In  the 
process  of  liquefaction  the  volume 
falls  to  a  minimum  at  D,  and  then 
expands  again  rapidly  along  EF. 

These  examples,  which  have  been 
largely  increased  in  number  by 
Kopp,  show  that  at  the  fusing  point  there  is  generally  an  anomalous 
dilatation,  and  that  the  change  of  volume  is  not  always  sudden,  but  that 
the  curve  connecting  volume  and  temperature  is  in  all  cases  probably 
continuous. 


Fi},'.  IK).— Fusible  alloy. 
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The  force  attending  the  expansion  during  change  of  state,  especially 
n  the  solidification  of  water,  seems  to  have  very  early  attracted  the 
ttention  of  experimental  philosophers.  Boyle  ^  found  that  water 
onfined  in  a  strong  brass  tube  while  it  froze  lifted  a  weight  of  74  lbs. 
>laced  on  the  stopi)er,  and  Huygens  ^  succeeded  in  bursting  a  cannon 
>y  freezing  water  confined  in  it.  The  Florentine  academicians  in  the 
ame  manner  burst  a  small  brass  shell,  and  in  1784-85  Major 
Villiams  ^  burst  strong  iron  shells. 

The  expansion  of  water  during  freezing  is  attended  by  many 
•eneficial  and  many  destructive  results  in  nature.  Those  commonly 
bserved  are  the  bursting  of  water-pipes,  the  raising  of  pavements,  the 
•ursting  of  plant  cells,  and  the  splitting  of  trees  and  rocks,  while  the 
eneral  fertility  of  the  soil  is  increased  by  the  disintegration  of  its 
tarts. 

The  expansion  of  water  commences  while  it  is  yet  a  little  warmer 
4^  C.)  than  the  freezing  point.  This  seems  to  have  been  first 
loticed  by  Beaum^,  and  is  mentioned  in  his  account  of  his  hydro- 
aeter.  De  Luc  and  Rumford  ^  also  examined  this  point  more  atten- 
ively,  and  the  latter  pointed  out  some  important  consequences  of 
his  singularity  in  the  great  operations  of  nature. 

The  expansion  of  some  substances  in  solidifying  is  taken  advantage 
>f  in  the  manufacturing  arts.  Thus  iron,  bismuth,  and  antimony 
ixpand  during  solidification,  and  when  cast  in  any  mould  they  expand 
nto  every  chink  and  take  up  its  impression  exactly.  The  contraction 
»f  phosphorus,  on  the  other  hand,  prevents  it  adhering  to  the  mould 
n  which  it  is  cast,  and  it  is  for  the  same  reason  that  basaltic  columns 
ire  found  in  nature. 

181.  Influence  of  Pressure  on  the  Melting  Point. — So  far  we 
lave  considered  fusion  and  solidification  under  a  constant  pressure, 
Lnd  it  remains  now  to  be  determined  whether  the  melting  point  of  a 
ubstance  depends  in  any  way  upon  the  pressure,  or  if  melting  takes 
3lace  at  the  same  temperature  whatever  be  the  pressure  to  which  the 
substance  is  subjected.  Attention  was  first  directed  to  this  matter  by 
Professor  James  Thomson^  in  1849,  who  showed  that  it  followed 
•rom  the  principles  of  the  mechanical  theory  of  heat  that  the  melting 
3oint  of  a  substance  like  ice,  which  contracts  on  liquefaction,  should 

»  Boyle,  HisUrry  of  Cold. 

'  Du  Hamel,  Hist,  de  VAcad.  Jioy.,  torn.  i.  p.  1   §  2,  chap.  i. 
'  Edin,  Phil.  Trans,  y  vol.  ii. 
*  Connt  Romford,  Essays,  vol.  vii.  p.  281,  etc. 

»  J.  Thorawii,  Edin.  Fhil.  Trans.,  Jan.  2,  1849.  See  also  Sir  Win.  Thomson's 
MathtnuUical  and  Physical  Papers,  vol.  i.  p.  156. 
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CHAP.  V 


be  lowered  by  increase  of  pressure,  and  by  analogous  reasoning  it 
followed  that  the  melting  point  will  be  raised  by  increase  of  pressure 
if  the  substance  expands  during  liquefaction.  Such  a  result  might 
be  surmised  without  either  theoretic  or  experimental  demonstration; 
for  if  the  substance  expands  on  fusing,  then  increased  pressure  is  un- 
favourable to  liquefaction,  whereas  the  contrary  holds  if  the  substance 
contracts  in  passing  from  the  solid  to  the  liquid  state. 

The  reasoning  by  which  Thomson  established  his  conclusion  was 
exceedingly   ingenious,   and    although  faulty   and   incomplete  in  the 
original,  it  may  be  moulded  so  as  to  meet  the  full  requirements  of  the 
problem.     We   consequently   reproduce    it   here    with    the    necessary 
amendments,  for  although  the  same  results  may  be  obtained  at  once 
from    the    fundamental    formula?    of    thermodynamics  (Chap.   VEl), 
Tiiomson's  mode  of  attack  is  most  instructive.     In  the  first  place,  let 
a  cylinder  filled  with  air  be  closed  with  an  air-tight  piston,  and  let  the 
walls  of  the  cylinder  and  the  piston  be  non-conductors  of  heat,  while 
the  bottom  of  the  cylinder  is  a  perfect  conductor.     Now  if  the  bottom 
of  the  cylinder  be  placed  in  contact  with  a  mixture  of  ice  and  water, 
and  if  the  piston  be  gradually  forced  down,  work  will  be  spent  in 
compressing   the    air,   and    an    equivalent   quantity   of    heat  will  be 
generated  in  the  air,  which  will  pass  through  the  conducting  bottom 
into  the  mixture  of  ice  and  water.     The  temperature  of  this  mixture 
will  not  be  altered  during  the  operation.     A  certain  quantity  of  the 
ice  will  be  melted,  and  the  compressed  air  in  the  cylinder  will  finally 
come  to  the  freezing  point  0    C.       If  now  the  cj'linder  be.  removed 
from  the  mixture  (the  piston  being  kept  fixed)  and  placed  with  it5 
bottom  in  contact  with  the  bottom  of  a  similar  cylinder  containing  ice- 
cold  water,  then  if  the  air  be  allowed  to  expand  gradually,  external 
work   will   be   done  and   heat   will   be    absorbed.      This    must  come 
from  ice-cold  water,  since  the  walls  of  the  cylinders  and  the  pistons 
are  supposed  to  bo  non-conductors,  and  consequently,  during  the  ex- 
pansion of  the  air,  some  of  the  water  will  be  frozen.     The  content*   . 
of  the  water  cylinder  will  thus   increase   in  volume,  and  the  piston  - 
which  closes  it  will  be  pushed  forward,  doing  external  work  if  i^ 
motion  be  resisted.      Let  this  resistance  be  applied,  so  that  the  water 
while   freezing    does    external   work,   and  let  the    resisting  pressure 
gradually  diminish  till  at  the  end  of  the  process  the  partly  frozen  water 
is  under  its  initial  pressure  (1  atm.),  and  its  temperature  is  now  zero. 
The  air  in  the  other  cylinder  will  also  be  at  zero:  and  if  it  now  has 
attained  its  initial  volume,  it  will  also  have  attained  its  initial  pressure- 
since  its  temperature  is  the  same  as  when  the  experiment  commenced. 
The  air  is  now  in  its  initial  condition,  while  a  certain 'quantity  oi  heat 
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bas  been  communicated  to  the  mixture  of  ice  and  water  and  a  certain 
[quantity  of  ice  has  been  formed  in  the  water  cylinder,  and  a  certain 
unount  of  work  has  been  done  by  the  two  pistons  during  the  ex- 
pansion of  the  air.  Thus,  if  the  work  done  by  the  air  in  expanding 
^  its  initial  volume  were  equal  to  that  done  in  compressing  it,  there 
would  be,  on  the  whole,  a  gain  of  work  without  any  expenditure, 
viz.  that  done  by  the  freezing  water  against  the  resistance  applied 
Jover  and  above  the  atmospheric  pressure)  during  expansion.  In 
>rder  that  this  work  should  be  performed,  an  equivalent  quantity  of 
lieat  must  have  disappeared,  and  there  must  be  more  ice  formed  in 
^he  water  cylinder  during  the  expansion  of  the  air  than  was  melted  in 
ihe  mixture  of  ice  and  water  during  the  compression,  and  if  this  work 
18  really  gained  we  are  furnished  with  an  engine  which  will  perform 
work  by  using  up  the  heat  of  a  single  body,  viz.  that  of  the  mixture 
ji  ice  and  water,  and  this  is  a  violation  of  one  of  the  forms  of  the 
second  law  of  thermodynamics  (p.  49).  If  this  be  impossible,  the 
conclusion  is  that  the  work  done  by  the  air  in  expanding  is  not  equal 
to  but  less  than  that  done  on  it  during  compression,  and  consequently, 
the  pressure  of  the  air  during  the  successive  stages  of  expansion  must 
have  been  less  than  during  the  corresponding  stages  of  compression  : 
but  since  the  volume  is  the  same  in  both,  it  follows  that  the  tempera- 
ture must  be  lower  during  expansion  than  during  compression — that 
is,  the  temperature  of  the  air  must  be  below  zero  during  the  process  of 
expansion,  or  the  water  when  freezing  under  a  pressure  gi*eater  than 
1  atm.  must  be  at  a  temperature  below  zero. 

Having  deduced  that  an  increase  of  pressure  lowers  the  freezing 
|)oint  of  any  substance  which  expands  on  solidification,  Thomson  pro- 
ceeded to  calculate  its  amount  from  the  known  data  for  ice.  He 
found  that  for  this  substance  the  theoretical  lowering  of  the  freezing 
point  ought  to  be  about  '0075  of  a  degree  centigrade  per  atmospheric 
increase  of  pressure.  From  this  it  appears  that  to  liquefy  ice  at 
-  1**C.  a  pressure  of  nearly  150  atmos.  would  be  required. 

The  conclusions  to  which  Professor  James  Thomson  was  led  by 
theory  were  soon  put  to  the  test  of  experiment  by  his  brother  Lord 
Kelvin,^  the  result  being  a  remarkably  close  confirmation.  A  strong 
glass  cylinder  (Fig.  91)  similar  to  (Ersted's  apjmratus  for  the  com- 
pression of  water,  was  filled  with  pieces  of  clean  ice  and  pure  water. 
A  glass  tube  about  a  foot  long  and  ^  of  an  inch  in  diameter  was 
enclosed  in  the  water  with  its  open  end  downwards  to  indicate  the 
pressure  by  the  compression  of  the  air  which  it  contained.     A  leaden 

'  Sir  William  Thomson,  Proc,  Roij,  Soc.  Ediu.,  1850;  PJn'L  Mag.,  vol.  xxxvii., 
1850. 
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ring  BB  was  ioserted  about  the  middle  of  the  apparatus,  so  as  to  keep 
free  from  ice  that  part  of  the  thermometer-tube  where  the  reading 
were  expected,  and  more  ice  was  then  added  above  the  ring,  the  cImt 
space  being  about  2  inches  deep.  Tht 
thermometer  was  enclosed  in  a  Strang 
glass  case  to  protect  it  from  the  stnuning 
influence  of  the  high  pressure  to  which 
it  would  otherwise  be  exposed.  Th 
liquid  used  in  this  thermometer  wu 
sulphuric  ether.  This  substance  wu 
chosen  because  its  dilatation  for  ha>t  ii 
eight  or  nine  times  greater  than  thU 
of  mercury,  and  as  its  density  is  onlj 
about  T,V  '^^^  "^^  mercury,  the  ther- 
mometer-tube could  be  made  large  with- 
out suffering  much  from  strain  due  to 
the  weight  of  the  liquid.  For  these 
reasons  the  instrument  was  very  delicsts, 
each  division  of  the  stem  correspondiD; 
to  about  Vt  <>f  ^  degree  Fahi-enheit 

At  the  beginning  of  the  experiawit 
the  thermometer  column  stood  at  the 
(iivisiou  67  on  the  stem,  and  when  i 
tnios.  was  applied  by  screwing  down  ih* 
piston,  the  reading  of  the  thermometer  rapidly  descended  lo  61.  The 
pressure  was  then  suddenly  removed,  and  the  column  rose  sg*'" 
rapidly  in  tlie  thermometer.  The  results  of  two  experiments  m 
given  ill  the  following  table,  and  com|>ared  with  theory  on  the  sup- 
position that  the  [ii'esaure  was  tndy  indicated  by  the  air  gauge : — 


pressure' of  from  12  to  15  a 


More  recent  experiments  by  Professor  Dewar^  give  a  mesn  n- 
duction  of  the  melting  point  of  0''-00r2  C.  per  atmo.  increaK  « 
pressure  up  to  700  atmos. 

It  has  thus  been  proved  that  if  melting  is  accompanied  by  i^" 
traction  the  effect  of  increase  of  pressure  is  to  lower  the  fusing  p"""'- 
The  effect  on  substances  which  exjumd  on  melting  was  studied  b; 

'  Ileivar,  Fi-w.  Roy.  Soc..  vol.  xkj.  p.  533,  18S0. 
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Fig.  92. 


^  with  the  simple  apparatus  shown  in  Fig.  92.     The  shorter 

contains  the  substance  under  examination,  and  the  longer  arm 

tains  air  which  by  its  compression  registers  the 

The  intermediate  space  is  filled  with  mercury. 

iie  temperature  rises  the  mass  of  mercury  expands, 

substance  in  the  arm  CD  is  strongly  compressed. 

means  Bunsen  found  that  paraffin  wax,  which 
at  iQ'^'S  C.  under  atmospheric  pressure,  melted  at 
I.  when  the  pressure  was  raised  to  100  atmos. 
y  spermaceti,  which  fused  at  47*''7  C.  under  1 
lad  its  melting  point  raised  to  50°*9  C.  by  a  pres- 

156  atmos.  Hopkins  made  similar  experiments 
and  stearin,  and  Mousson  ^  by  enormous  pressure 

the  freezing  point  of  water  to  -  20°  C. ;  M. 
'  has  also  found  that  CgCl^  (unknown  in  the  solid 
ongeals  wider  a  pressure  of  150  atmos.  Other 
were  subjected  to  pressures  ranging  up  to  3000 
but  without  success. 

Properties  of  Ice,  Glacier  Motion,  and  Regela- 
The  lowering  of  the  freezing  point  of  water  by 
t,  or,  as  it  may  be  put,  the  melting  of  ice  under 
,  explains  many  phenomena  which  would  otherwise  be  very 
;.  This  melting  of  ice  under  pressure,  and  re-solidification 
he  pressure  is  removed,  presents  itself  in  many  ordinary 
ices.     The  wheel- track  in  snow  of  a  heavy  cart  is  generally 

with  a  plate  of  clear  ice.  The  snow,  if  not  too  cold, 
>r  partially  melts,  under  the  pressure  of  the  wheel,  and 
{  again  into  transparent  ice  as  soon  as  the  pressure  is 
I.  The  same  process  comes  into  operation  in  the  making  of 
»all.  If  the  snow  is  near  the  melting  point,  the  pressure  of 
d  is  sufficient  to  squeeze  it  into  a  compact  partially-solidified 
When  the  snow  is  squeezed  between  the  hands,  melting  occurs 
oints  of  greatest  pressure,  and  solidification  follows  as  soon  as 
Iting  liquid  is  relieved  of  the  pressure.  If  the  snow  be  much 
le  freezing  point,  however,  the  pressure  of  the  hand  will  not 
iently  great,  and  the  ball  will  not  "  make."  Placed  in  a  press, 
•,  the  snow  may  be  squeezed  into  water,  which,  when  the 
5  is  removed,  becomes  a  transparent  mass  of  ice.  If  snow  be 
in  a  cylinder  in  which  it  can  be  strongly  compressed  by  screwing 

'  Bunsen,  Pogg.  Ann.,  vol.  Ixxxi.  p.  562,  1850. 
'  Mousson,  Pogg.  Ann.,  vol.  cv.  p.  161,  1858. 
»  See  Phil.  Mag.,  vol.  xxiv.  p.  446,  1887. 
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forward  a  piston,  thin  rods  of  transparent  ice  will  be  forced  through 
a  small  aperture  made  in  the  bottom  of  the  cylinder.  The  snow  is 
fusion  actually  liquefied  by  the  pressure,  and  solidification  occurs  as  it 
)ressure.  escapes  from  the  aperture.  In  the  same  way  fragments  of  broken 
ice  placed  in  a  mould  may  be  squeezed  into  a  homogeneous  mass,  and 
ice-lenses  of  any  shape,  or  masses  of  any  shape  or  pattern,  may  be 
turned  out  like  butter-prints  by  simply  squeezing  snow  or  ice  in  » 
mould  of  the  required  design. 

A  beautiful  experiment  showing  the  melting  of  ice  under  pressure, 
mth  solidification  on  relief,  has  been  suggested  by  Dr.  Bottomley.^ 
A  stout  bar  of  ice  is  supported  by  two  wooden  props,  one  placed  at 
each  end.     A  wire  is  then  looped  round  its  middle  and  attached  to  a 
heavy  weight,  which  thus  hangs  supported  by  the  bar  of  ice.    The 
weight  causes  the  wire  to  press  tightly  against  the  ice,  and,  as  a  con- 
sequence,  melting  occurs  under  the  wire.      The  water  thus  formed 
under  the  wire  escapes  from  underneath  and  solidifies  behind  it,  and 
as  this  process  continues,  the  wire  gradually  cuts  its  way  through  the 
ice  until  the  weight  falls  upon  the  ground.     The  wire  thus  passes 
completely  through  the  bar,  but  the  bar  is  not  cut  in  two.     Reunion 
occure  by  freezing  behind  the  wire  as  fast  as  sepiration  takes  place 
by  melting  in  front.     The  plane  of  section  can  be  distinctly  seen  by 
means  of  the  air  bubbles  which  form  in  it,  but  so  firmly  are  the  tvo 
portions  frozen  together  that  breaking  will  take  place  elsewhere  quite 
as  readily  as   along  this  surface  of  regelation.     An  interesting  and 
important  process   which  persists  throughout  the  whole  operation  is 
F1..W  ot  ^^^  constant  How  of  heat  from   the  upper  to  the  lower  parts  of  any 
cross-section  of  the  wire.     Thus  the  water  behind  the  wire  is  solidiiy- 
ing  at  zero,  and  the  ice  underneath  the  wire  is  melting  at  a  lower 
temperature,  so  that  the  upper  surface  of  the  wire  is  warmer  than  the 
lower.      Now  we  have  solidification  and  evolution  of  heat  alx)ve,  while 
below   there   is    liquefaction    accompanied    by    absorption,   and  both 
processes  are  niaintiiined  in  action  at  the  same  time  by  the  flow  oi 
htat  downwards  from  the  warmer  to  the  colder  parts  of  the  wire. 
For  this  reason  it  is  clear  that  the  better  the  conductivity  of  the  wire 
the  more  rapid  will  be  the  flow  of  heat  and  the  more  quickly  will  the 
wire  cut  its  way  through  the  ico. 

[The  dipjff'rinf.'ss  of  ice,  as  has  been  pointed  out  by  Professor 
J.  Joly,-  is  due  to  its  melting  under  pressure.  Thus,  in  skating'- 
the  pressure  of  the  skate  li(iuefies  a  small  jwrtion  of  the  ice,  and  tins 
acts  as  a  lubricant.     Very  cold  ice  is  not  slippery.] 

'  See  Tyiidall's  J/"(t  n  Moflc  of  Motion^  p.  151. 
-  ,1.  Joly,  Proc.  Jlotj.  Dublin  Sik.,  vol.  v.  p.  453.  18SC. 
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From  what  has  been  already  said  the  gradual  motion  of  glaciers 
)wn  mountain  slopes  will  be  easily  understood  ;  but  in  order  to 
ake  the  matter  quite  clear,  let  us  consider  the  condition  of  things  in 

very  tall  vertical  column  of  snow,  the  temperature  of  the  whole 
ass  being  somewhat  below  the  freezing  point.  At  the  top  we  have 
LOW  pure  and  simple,  but  at  the  bottom  the  pressure  will  be  great, 
id  if  the  column  be  tall  enough,  the  pressure  at  the  base  will  be 
fficient  to  melt  the  snow.  The  water  thus  formed  will  escape  from  Glacier 
ineath,  and  being  below  zero  will  solidify  as  soon  as  free.  If  snow 
)  continually  added  on  at  the  top  there  vnW  be  continual  liquefaction 
id  after-freezing  going  on  at  the  base,  and  a  continual  transformation 

snow  into  transparent  ice.  Let  us  now  consider  the  case  of  a  tall 
ock  of  ice.      If  the  temperature  is  not  too  low,  or  if  the  height 

the  block  is  sufficiently  great,  melting  will  occur  at  the  base  ;  and 

the  block  is  situated  on  a  hillside,  the  water  escaping  from  beneath 
ill  flow  downwards,  solidifying  as  it  escapes.  This  is  what  happens 
I  the  slopes  of  snow-laden  mountains.  The  snow  accumulates  to 
imense  depths  above  the  snow-line.  The  bottom  layer  liquefies 
ider  the  pressure  of  the  superincumbent  mass,  and  a  gradual  slip- 
ng-away  of  the  base  occurs.  The  lower  strata  are  being  continually 
ueezed  out  (and  on  a  slope  this  means  downwards)  by  the  pressure 

the  upper  ones.  Below  the  snow-line  we  have  a  stream  of  trans- 
irent  ice  gradually  oozing  out  from  underneath  the  snow.  As  the 
ass  descends  it  enters  warmer  regions  where  melting  occurs  under  a 
ss  pressure.  At  the  points  of  greatest  pressure  melting  occui*s,  and 
ie  stress  is  relieved,  and  the  forward  motion  of  the  whole  mass  is 
fected  by  a  continual  process  of  alternate  melting  and  freezing. 

The,  at  first  sight,  peculiar  property  of  ice  known  as  regelation  was  Regelation. 
rst  noticed  by  Faraday.  It  will  now  be  easily  understood  that  if 
wo  pieces  of  melting  ice  be  squeezed  together  the  pressure  at  the 
)oints  of  contact  will  cause  melting,  and  the  water  flowing  away  from 
.bese  points  will  solidify  around  them  when  free  from  pressure.  The 
two  pieces  of  ice  thus  become  welded  together.  This  union  or  regela- 
tion takes  place  when  two  pieces  of  ice  are  placed  in  contact  under 
^ater,  even  under  warm  water,  and  arises  from  the  fact  that  when  the 
ice  18  melting  its  temperature  is  at  0""  C,  and  a  very  slight  pressure  at 
^^y  point  will  cause  liquefaction  there  with  subsequent  freezing  around 
*t»  It  is  also  found  that  the  plane  faces  of  two  blocks  of  ice  firmly 
^iiite  when  placed  together  with  their  plane  faces  vertical,  so  that 
^oere  is  apparently  no  pressure  between  the  faces.  In  this  case,  how- 
^^'^r,  the  blocks  are  really  squeezed  together  to  some  extent ;  for  on 
^«ount  of  the  capillary  action  of  the  film  of  water  between  the  plane 
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faces  the  internal  pressure  is  less  than  the  external,  and  if  the  blocb 
be  free  to  move — for  example,  if  they  be  afloat  in  water — they  will  be 
squeezed  together,  and  melting  with  subsequent  regelation  will  occur 
at  the  points  of  contact ;  but  if  they  are  not  free  to  move  the  presaure 
inside  the  film  will  be  less  than  the  atmospheric  pressure,  and  solidi- 
fication may  occur  if  the  temperature  of  the  film  does  not  sensibly 
exceed  zero. 

A  peculiar  theory  of  regelation  and  the  plasticity  of  ice  was  prt>- 
posed  by  Principal  Forbes,  and  has  obtained  much  favour  among  miny 
of  the  popular  expounders  of  science.  According  to  this  theory  the 
surface  layer  of  a  piece  of  melting  ice  is  supposed  to  be  in  a  soft  and 
plastic  condition,  and  the  harder  internal  core  is  supposed  to  be  colder 
than  the  surface.  The  conclusions  drawn  from  these  assumptions  do 
not  appear  to  have  been  obtained  by  any  sound  process  of  reasoniog, 
even  if  the  truth  of  the  assumptions  be  admitted.  It  is  now  more 
than  forty  years  since  it  was  proved,  both  by  theory  and  experiment, 
that  ice  may  l)e  melted  by  pressure,  and  we  have  seen  that  this 
property  at  once  accounts  for  all  the  phenomena  of  regelation  in 
such  a  simple  manner  that  any  other  theory  must  with  difficulty 
obtain  a  hearing,  especially  if  supported  on  doubtful  and  complicated 
hypotheses. 

The  causes  of  the  motion  of  glaciers  have  from  time  to  time  been 
very  eagerly  discussed,  and  a  perfect  unity  of  opinion  on  the  subject 
does  not  appear  to  exist  even  yet.  This  perhaps  arises  from  the 
variety  of  phenomena  attending  the  motion,  and  to  different  minds 
different  phenomena  may  present  themselves  as  those  which  most 
conspicuously  require  explanation.  Thus  regarded  as  a  whole  the 
glacier  appears  to  move  as  a  viscous  solid,^  the  top  moving  faster 
than  the  bottom,  and  the  middle  faster  than  the  sides,  so  that  the 
upper  layers  nnist  be  continually  shearing  over  the  lower,  and  the 
middle  parts  over  the  lateral.  This  motion  occurs  in  arctic  as  well  as 
in  temperate  regions,  and  proceeds  by  night  as  well  as  by  day.  Accord- 
ing to  a  theory  propounded  by  Canon  Mosley  ^  a  glacier  moves  down- 
hill like  any  solid  body  simply  by  alternations  of  temperature  (Art^ 
15).  When  the  mass  suffers  a  rise  of  temperatiure  it  expands? 
the  motion  talking  place,  of  course,  in  the  direction  of  least  resistance, 

^  That  a  har  of  ordinary  ice  yields  continuously  to  pressure  or  tension,  like » 
l>lastic  solid,  was  ])roved  by  M'Conncl  and  Kidd  in  1879,  and  from  N'Oonnel's  1*^ 
experiments  [Proc.  Hot/.  Soc,  vol.  xlix.  p.  323)  it  appears  that  a  bar  of  ice  cut  from* 
single  crystal  will  bend  freely  when  the  optic  axis  of  the  crystal  is  in  the  pli^*  * 
bending  and  at  right  angles  to  the  length  of  the  bar  ;  but  when  the  optic  *x** 
perpendicular  to  the  jdane  of  bending,  the  bar  refuses  to  yield. 

-  Phi/.  Maif.,  1S69  and  1870. 
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nely,  down  the  bed.  When  the  temperature  falls  contraction  will 
(ue,  and  the  backward  motion,  being  opposed  by  gravity  and  a  com- 
te  return  to  the  original  position,  will  not  be  effected,  and  a  gradual 
eping  down  the  bed  would  occur.  During  the  contraction  cracks 
y  be  formed,  and  these  may  become  filled  with  snow,  which  on  the 
ct  rise  of  temperature  will  promote  the  further  forward  motion  of 
\  lower  end.  A  sheet  of  lead  placed  on  a  roof  creeps  down- 
rds  in  the  same  manner.  This  theory  explains  longitudinal  as 
U  as  transverse  crevasses;  and  since  the  surface  will  experience 
ater  changes  of  temperature  than  the  lower  strata,  it  will  move 
re  rapidly.^ 

Prom  the  observations  of  Koch  and  Klocke  ^  it  appears  that  the 
don  of  a  glacier  is  by  no  means  a  continuous  sliding  down  towards 

valley.  The  motion  was  f9und  to  be  very  irregular  in  the  morn- 
;  hours,  but  during  the  afternoon  a  slow  downward  motion  took 
ce.     During  the  night  there  was  on  the  whole  a  backward  motion. 

The  controversies  on  this  subject  seem  to  have  arisen  from  the  desire 
explain  all  the  phenomena  of  glacier  motion  by  attributing  them  all 
a  single  cause.  It  is,  however,  clear  that  several  actions  are  in 
3ration,  and  each  plays  a  part  in  the  motion.  Thus,  while  the  down- 
rd  motion  of  the  mass  may  be  explained  by  liquefaction  arising  from 
assure,  yet  there  can  be  no  doubt  that  ice,  like  every  other  body  in 
ture,  is  to  some  extent  viscous,  and  the  motion  therefore  becomes 
luenced  by  shearing.  So  also  variations  of  temperature  influence 
e  motion,  and  probably  cause  a  downward  creeping  as  well  as 
ngitudinal  and  lateral  fissures.  To  attempt  to  explain  all  the 
lenomena  by  attributing  them  to  any  single  action  is  certainly  not 
iasonable. 

Latent  Heat  of  Fusion 

188.  Experimental  Determination  of  the  Latent  Heat  of 
Vision. — The  latent  heat  of  fusion  of  any  substance  is  defined  as 
he  quantity  of  heat  required  to  convert  unit  mass  of  the  solid  at  the 
^aelting  point  into  liquid  at  the  same  temperature.  Its  experimental 
BstiiDation  may  be  made  in  several  manners  founded  on  the  general 
"JiethodB  of  calorimetry.  There  are,  however,  two  general  methods  of 
procedure  applicable,  according  as  the  substance  is  liquid  or  solid  at 
the  ordinary  temperature  of  the  air.  In  the  first  case  a  weighed 
^^ntity  of  the  liquid  is  placed  in  a  freezing  mixture  and  solidified, 
^e  solid,  while  at  some  known  temperature  below  the  freezing  point, 

*  W.  R.  Browne.  Froc.  Hoy.  Soc.y  vol.  xxxiv.  p.  208,  1882. 
'  W\ed.Ann.,  vol.  viii.  p.  661,  1879  ;  Phil.  Mag.,  5th  Series,  vol.  ix.  p.  274,  1880. 
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is  then  placed  in  the  Ciilorimeter,  and  the  amount  of  heat  absorbed 
by  it  in  liquefying  and  rising  to  some  known  temperature  above 
the  melting  point  is  noted.  In  the  second  case  a  known  weight  of 
the  solid  is  fused,  and,  while  it  is  at  some  known  temperature  abore 
the  point  of  fusion,  is  placed  in  the  calorimeter,  and  the  heat  evolved 
while  cooling  to  some  temperature  below  the  melting  point  is 
observed.  The  reverse  operation  might  of  course  be  applied  in 
either  case. 

Let  6q  be  the  temperature  of  the  solid  when  placed  in  the  calori- 
meter, 6  the  temperature  of  fusion,  and  6^  the  initial  and  6^  the  final 
temperature  of  the  calorimeter.  Then  if  the  mass  of  the  substance 
be  7/7,  and  L  its  latent  heat  of  fusion,  s  the  specific  heat  of  the  solid, 
and  s  that  of  the  liquid,  the  total  heat  gained  by  the  substance  in 
rising  from  6^  to  6  in  the  solid  state,  fusing  at  $  and  then  rising  from 
6  to  Oo  in  the  liquid  state,  is  obviously 

and  if  W  denotes  the  water  equivalent  of  the  calorimeter,  the  heat  lost 
by  it  will  be 

where  R  is  the  radiation  correction,  and  may  be  positive  or  negative 
according  to  the  conditions  of  the  experiment.  Consequently  the 
equation  which  determines  L  is 

ras'. e  -  (?„)  +  mL  +  vis  {6^  -$)  =  \\{0^  -  6,^)  +  R. 

In  order  to  determine  L  from  this  equation  the  values  of  s  and  > 
are  required.  If  these  are  not  known  by  previous  experiments,  their 
values  may  be  determined  simultaneously  with  that  of  L  from  a  single 
experiment  ])y  noting  the  changes  of  temperature  of  the  calorimeter 
while  the  temperature  of  the  solid  rises  through  a  given  range  between 
0(^  and  0,  and  also  while  the  liquid  rises  through  some  inteWal  between 
$  and  Oo-  ^^  three  experiments  may  be  made,  starting  with  different 
values  of  0^^  and  ^^,  and  thus  obtaining  tliree  equations  similar  to  the 
above,  involving  the  unknown  quantities  5,  5',  and  L. 

If  the  substance,  on  the  other  hand,  be  solid  at  ordinary  temper*' 

tures  a  known  quantity  of  it  at  a  temperature  Oq  above  the  fusing  point  0 

is  placed  in  the  Calorimeter,  and  the  final  temperature  0^  of  the  calori- 

meter  will  be  higher  than  its  initial  temperature  By     The  equation 

then  becomes 

nus'i e^    0)  +  m  L  +  vifi{e  -  0.^)  =  W(^a  -  ^j)  +  R. 

184.  Latent  Heat  of  Fusion  of  Ice. — The  accurate  determination 
of  the  latent  heat  of  fusion  of  ice  hfis  been  the  subject  of  much  skilled 
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(stigation.  The  method  sketched  above  was  employed  by  Person.^ 
calorimeter  was  of  the  ordinary  form,  but  closed  so  as  to  prevent 
of  heat  by  evaporation,  and  the  stirrer  was  kept  in  constant  motion 
means  of  clockwork.  The  water  under  investigation  was  enclosed 
.  thin  copper  flask  furnished  with  a  thermometer  which  indicated 
temperature.  Before  immersion  in  tlie  calorimeter  its  temperature 
reduced  to  about  -  20°  C.  by  means  of  a  freezing  mixture.  The 
£,  therefore,  when  placed  in  the  calorimeter  contained  a  known 
ght  of  ice  at  a  temperature  considerably  below  the  freezing 
It. 

The  wliole  observation  was  now  divided  into  two  parts — (1)  the 
jrvation  of  the  change  of  temperature  of  the  calorimeter  while  the 
perature  of  ice  rose  through  a  certain  range,  and  (2)  the  observa- 
i  of  the  final  temperature  of  the  calorimeter.  The  first  observation 
e  the  specific  heat  of  ice ;  and  this  being  known,  the  second  gave 
latent  heat  when  the  necessary  corrections  were  made.  In  this 
iner  Person  found  for  ice 

3  =  0-504,     L  =  80-02, 

Specific  heat  of  water  at  10" '5  C.  being  unity. 
MM.  De  la  Provostaye  and  Desains-  proceeded  in  a  somewhat 
erent  manner.  Their  calorimeter  was  of  the  ordinary  form,  and  the 
rection  for  evaporation  was  determined  by  weighing  and  estimating 
rate  of  evaporation  within  the  range  of  temperature  employed  during 
!  experiment.  A  fragment  of  ice  at  zero  was  then  carefully  dried 
i  quickly  immersed  in  the  calorimeter,  and  the  fall  of  temperature 
serv^ed.  The  quantity  of  ice  thus  introduced  was  estimated  by 
tighing  the  calorimeter  before  and  after  its  introduction.  The  ice 
ing  at  zero,  its  specific  heat  does  not  appear  in  the  equation  for  L ; 
id  since  the  temperature  of  fusion  is  zero,  as  well  as  the  initial  tem- 
-rature  of  the  solid,  we  have,  if  6^  and  d^  be  the  initial  and  final 
nil)erature8  of  the  calorimeter, 

lence 

W  R 

m  III 

■ne  correction  R  will  be  small,  but  W  will  be  much  larger  than  /«, 
^^  it  thus  appears  that  an  error  in  the  observation  of  ^^  -  d^  will  be 
'^'-'^^ed  in  the  ratio  W/w.     Thus,  if  W-  lOw  an  error  of  yV  ^^  ^ 

*  C.  C.  Person,  Ann.  de  Chimic,  3^,  torn.  xxx.  p.  73,  1850. 
F.  de  la  Provostaye  and  P.  Desains,  Ann.  de  Chimie,  3<^,  toni.  viii.  i>.  5,  1843. 
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degree  in  the  value  of  6^  -  $2  will  introduce  an  error  of  a  whole  unit  of 

heat  in  the  value  of  L.     For  this  reason  MM.  Provostaye  and  Desains 

employed  a  thermometer  which  could  be  depended  on  to  -riir^^  ^^  * 

degree.     Their  final  result  was 

L=79-25. 

More  recently  Bunsen^  applied  his  ice  calorimeter  (Art.  139)  to  the 
determination  of  the  same  constant.  The  specific  gravity  of  ice  was 
first  measured  by  a  species  of  weight  thermometer,  containing  mercury 
and  a  known  weight  of  water  which  could  be  frozen.  The  end  of  the 
stem  of  the  thermometer  dipped  into  a  cup  of  mercury,  so  that  when 
the  ice  melted,  mercury  entered  the  instrument,  and  from  the  increase 
of  weight  the  contraction  during  fusion  was  estimated.  Bunsen  thus 
found  the  density  of  ice  to  be  0*91674.  This  being  known,  a  definite 
quantity  of  heat  Q  was  imparted  to  the  ice  calorimeter  and  the  con- 
traction estimated.  The  quantity  of  heat  Q  will  liquefy  Q/L  grammes 
of  ice,  and  the  known  contraction  v  will  furnish  the  equation  for  L, 


^\Pi     PoJ       ' 


where  p^  is  the  density  of  ice  and  Pq  the  density  of  ice-cold  water.    By 

this  means  Bunsen  found 

L  =  80-03, 

the  mean  specific  heat  of  water  between  0*^  and  100°  C.  being  taken 
as  unity.- 

185.  Fusion  of  Amorphous  Solids. — In  the  case  of  amorphous 
substances,  such  as  glass  and  iron,  the  passage  from  the  solid  to  the 
liquid  state  is  gradual  and  not  sudden  as  in  the  case  of  ice  and  other 
crystalline  bodies  which  have  a  distinct  melting  point. 

During  this  interval  of  transition  through  the  viscous  stages,  from  the 
hard  solid  to  the  mobile  liquid,  there  is  a  continuous  absorption  of  heat, 
but  no  sudden  absorption  without  change  of  temperature.  For  this  reason 
we  cannot  speak  definitely  of  the  latent  heat  of  fusion  of  such  a  sub- 
stance. The  passage  from  the  liquid  to  the  solid  state  is  continuous.  One 
state  might  be  regarded  as  differing  from  the  other  merely  in  the  degree 
of  viscosity.     Thus  solids  ^  often  show  traces  of  the  liquid  properties, 

'  Bunsen,  J'og'j.  Ann.,  vol.  cxli.  ;  and  Ann.  de  Chimie  el  de  Physique^  4*,  tow- 
xxiii.  p.  66,  1871. 

2  [If  we  take  the  unit  of  heat  to  be  the  calorie  at  20"  C.  and  the  meancaio"* 
between  0'  and  100^  to  be  1*0016  times  this  unit,  as  in  Art  172,  the  above  f^ 
becomes  80 '16.] 

'  Unless  we  classify  as  solids  only  those  substances  which  do  not  suffer  pl*^^ 
yielding  under  stress  until  some  definite  limit  is  reached.  A  fluid  would  then  ^ 
any  substance  (hard  or  otherwise)  which  yields  plastically  in  time  under  any  stK* 
however  small. 
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cample,  in  the  gradual  flow  of  pitch  and  the  sagging  of  long  glass 
mpported  horizontally.  Even  in  the  case  of  crystalline  substances 
[lange  from  the  solid  to  the  liquid  state  may  be  continuous  in  the 
manner,  but  exceedingly  rapid.  Thus,  if  quantities  of  heat  be 
ired  along  the  axis  OY,  and  temperatures  along  OX  (Fig.  56), 
the  substance  is  in  the  solid  state,  the  line  OA  will  represent 
elation  between  the  increase  of  temperature  and  the  increase  of 

If  the  substance  melts  suddenly  a  certain  quantity  of  heat  will 
aorbed  without  change  of  temperature,  and  this  is  represented  by 
ght  line  AB  parallel  to  OY.  At  B  the  fusion  is  completed,  and 
)8orption  of  heat  will  again  be  accompanied  by  rise  of  tempera- 

This  is  represented  by  the  line  BC.  If,  however,  the  substance 
s  gradually,  the  line  AB  representing  the  change  of  state  will  not 
aight,  but  the  whole  curve  ABC  will  be  continuous,  as  shown  in 


X 


o 


Fig.  (»3. 


Yiic.  <U. 


J3.  The  part  AB  will  represent  the  stage  at  which  there  is  a 
absorption  of  heat,  that  is,  the  period  of  high,  but  not  infinite, 
ic  heat.  There  is  here  no  sudden  discontinuity.  The  change  of 
is  merely  characterised  by  a  rapid  increase  in  the  slope  and 
ion  of  the  curve.  It  may  even  happen  that  a  marked  increase  of 
does  not  characterise  the  period  of  change  of  state,  but  that 
g  softening,  the  curve,  as  in  Fig.  94,  shows  no  evidence  of  change 
ite.  Thus  the  discontinuity  observed  in  the  case  of  water  and 
substances  which  solidify  suddenly  may  be  regarded  as  merely 
me  cases  of  that  exhibited  in  Fig.  93.  In  these  bodies,  too,  the 
;e  from  one  state  to  the  other  may  be  continuous  but  rapid, 
rhe  appended  table  gives  the  melting  points  of  a  number  of 
ances.  Of  these  that  of  gold  is  interesting  in  connection  with 
^ndardisation  of  high  temperature  thermometers.  The  melting 
«  of  silver  and  copper  are  lowered  by  exposure  to  air  during 
n. 

2  A 
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Table  of  Melting-Points 


Hydrogen' 

.      -  258^-9  C. 

Xenon . 

Nitrogen 

-214^* 

Chlorine 

Carbon  monoxide 

-  207" 

Lead    . 

Argon  . 

.      -187'-9 

•   Zinc     . 

Methane 

-ISG^-S 

Aluminium 

Krypton 

-169' 

Silver  . 

Ethylene 

-  169" 

Gold    . 

Nitric  oxide 

.      -167" 

Copi>er 

-  140= 

-  102' 
+   326"^ 

419'-0 

657' -0 

961^5 

1064'-0 

1084=1 


Of  these  determinations,  those  of  hydrogen,  argon,  krypton,  and 
xenon  are  by  Ramsay  and  Travers;  the  other  gases  by  Olszewski; 
and  the  metals  by  Holborn  and  Day.] 


SECTION   II 


EVAPORATION    AND    EBULLITION 


186.  Molecular  Motion  In  Liquids. — The  general  distinctions  be- 
een  solids,  liquids,  and  gases,  from  the  point  of  view  of  the  mole- 
lar  theor}',  have  been  already  sketched  .in  Art.  53.  In  a  solid  each 
)lecule  may  vibrate  about  a  position  of  equilibrium,  but  cannot  move 
nn  one  part  to  another  of  the  mass.  In  a  gas,  on  the  other  hand, 
-h  molecule  is  not  only  free  to  move  throughout  the  mass  (except 
so  far  as  it  is  jostled  by  the  others),  but  between  any  two  consecu- 
e  collisions  its  path  is  supposed  to  be  straight,  and  the  molecule 
free  from  the  action  of  its  neighbours. 

Liquids  form  a  connecting  link  between  the  solid  and  gaseous 
ttes  of  matter.  The  molecules  of  a  liquid  are  continually  wandering 
rough  the  mass,  but  each  spends  nearly  all  its  time  within  the  sphere 
influence  of  the  others.  In  a  gas  the  ratio  of  the  time  spent  by  any 
olecule  in  collision  to  that  occupied  in  free  motion  is  s*ipposed  to  be 
ttall,  but  in  liquids  nearly  all  the  time  is  spent  in  collisions,  there 

practically  no  free  path,  and  each  molecule  is  constantly  under 
ie  attractive  influence  of  those  which  surround  it.  In  the  interior  of 
^e  liquid  this  influence  will  probably  have  little  directive  action  on  the 
motion  of  a  molecule.  Each  molecule  will  be  attracted  pretty  much 
^€  same  in  all  directions,  and  the  path  travelled  over  by  any  one  will 
^pend  upon  its  fortuitous  collisions  with  the  others. 

At  the  surface  of  the  liquid,  however,  the  state  of  things  will  be 
^D'  different.  A  molecule  in  this  region  is  not  equally  surrounded 
^  all  sides  by  other  molecules  ;  so  that  although  in  the  interior  of  the 
*^uid  a  molecule  may  be  attracted  equally  in  all  directions,  and  there 
^y  be  no  resultant  molecular  attraction  on  it,  yet  at  the  surface  there 
^U  be  on  each  molecule  a  resultant  attraction  directed  towards  the 
*terior  of  the  liquid,  and  along  the  normal  to  the  surface.  Through- 
^^  a  thin  surface-layer  there  will  thus  be  a  force  on  each  molecule 
'J*ected  towards  the  interior.     This  Him  consequently  exerts  a  pressure 

355 
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on  the  liquid  within,  and  acts  like  a  tense  elastic  membrane  stretched 
over  the  surface  ;  hence  the  expression  surface-tension. 

Let  us  now  consider  a  molecule  in  motion  towards  the  surface. 
As  soon  as  it  enters  the  surface-layer  alluded  to  above,  a  force  directed 
towards  the  interior  begins  to  act  on  it,  so  that,  leaving  accidenul 
collisions  out  of  account  for  the  present,  the  motion  of  the  molecule 
may  be  arrested  and  even  reversed.  If,  however,  the  normal  com- 
ponent of  tlie  velocit}*  of  the  molecule  be  great  enough,  it  will  be  able 
to  pass  completely  through  the  surface-film,  and  continue  its  motion 
into  the  space  outside  the  liquid.  The  kinetic  energy  of  the  molecule 
will,  however,  be  considerably  reduced  by  its  passage  through  the 
surface-layer  on  account  of  the  opposing  attractive  force,  so  that 
although  a  molecule  may  be  in  rapid  motion  on  approaching  the 
surface  from  the  interior,  its  velocity  after  escape  may  be  very  small. 
Thus,  on  the  whole,  while  some  molecules  escape,  others  are  brought 
to  rest  and  return  into  the  liquid,  so  that  the  surface-film  is  being 
constantly  renewed,  the  molecules  which  constitute  it  at  any  instant 
pass  into  the  interior  and  give  place  to  others.  Those  molecules 
which  effect  an  escape  are  free  to  move  about  in  the  outside  space,  and 
constitute  what  is  termed  the  nipour  of  the  liquid,  and  this  process  of 
molecular  escape  is  termed  eva])or((fiou. 

187.  Evaporation  in  a  Closed  Space. — When  a  liquid  is  placed 
in  a  closed  chamber  (which  is  otherwise  empty  and  at  a  uniform 
temperature)  evaporation  will  take  place  more  or  less  rapidly  at  first. 
After  some  time,  however,  the  space  outside  the  liquid  will  become 
partially  filled  with  stray  molecules  which  have  escaped  through  the 
surface  film.  These,  after  escape,  move  about  indiscriminately  in  the 
chamber,  and  are  reflected  from  its  walls  and  from  each  other.  1" 
this  maiuier  some,  after  a  fitful  career,  will  return  to  the  liquid,  and 
once  thov  fall  ui)on  its  surface  thev  mav  be  attracted  into  the  interior. 
It  Avill  thus  happen  that  a  certain  stage  will  be  ultim.'itely  attained  at 
which  as  many  molecules  will  return  to  the  liquid  per  second  as  leave 
it,  and  an  eijuilibrium  will  be  estiiblished.  At  this  stage  evaporation 
may  be  said  to  have  ceased.  There  is  no  further  loss  to  the  hquid  or 
gain  to  the  vapour  outside  it ;  there  is,  however,  a  continual  exchange 
going  on,  new  molecules  are  being  continually  projected  from  t*^* 
surface,  and  others  are  falling  into  it  in  equal  number.  In  this  (^ 
the  chamber  is  said  to  be  filled  with  saturated  vapour,  or  the  vapo'i 
is  simply  said  to  be  snturafetf.  ;  while  in  any  state  l>efore  this  n^ 
stage  is  arrived  at  the  vapour  is  said  to  be  non- saturated.  * 
saturated  vapour  is  thus  one  which  is  in  equilibrium  with  its  o^ 
liquid. 
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188.  Evaporation  in  an  Unlimited  Space. — When  the  space  into 
lich  evaporation  takes  place  is  unlimited,  it  is  clear  that  when  a  mole- 
le  escapes  from  the  surface  it  may  wander  about  in  the  atmosphere 
d  never  return  to  the  liquid.  There  will  thus  be  a  continual 
w  of  molecules  from  the  surface  into  the  space  outside,  and  evapora- 
»n  will  continue  in  this  manner  at  a  steady  rate  as  long  as  the 
nperature  is  kept  constant.  The  liquid  will  thus  gradually  all  pass 
X)  the  condition  of  vapour.  The  rate  at  which  vapour  is  formed 
pends  upon  the  temperature.  For  a  given  temperature  it  is  not, 
wever,  proportional  to  the  area  of  the  surface  of  the  liquid,  as 
linarily  supposed,  but  to  the  linear  dimensions  of  the  surface ;  and 

an  open  vessel  evaporation  takes  place  more  rapidly  near  the 
undaries  of  the  surface  than  at  the  centre.  The  rate  of  evaporation 
thus  not  the  same  at  all  parts  of  the  surface.  This  question  has 
en  examined  theoretically  by  M.  Stefan,^  and  he  finds  that  for  a 
•cular  vessel  the  quantity  of  vapour  formed  per  second  is  pro- 
rtional  to  the  diameter,  and,  further,  that  the  lines  of  flow  of  the 
pour  from  the  surface  are  hyperbolas,  of  which  the  foci  are  on  the 
unding  edge  of  the  circular  surface.  The  surfaces  of  equal  pressure 
5  the  orthogonal  system  of  ellipsoids.  These  are  nearer  each  other 
the  edge  of  the  surface  than  over  the  centre,  consequently  near  the 
ge  of  the  vessel  the  vapour- pressure  decreases  most  rapidly,  and  it 
here  therefore  that  the  flow  is  greatest. 

The  rate  of  evaporation  at  the  various  parts  of  a  free  surface  has 
ien  studied  experimentally  by  A.  Winkelmann,'-  and  altliough  he 
as  unable  to  verify  Stefan's  theory  very  closely,  he  attributes  the 
iscrepancies  rather  to  the  mode  of  experiment  than  to  any  defect  in 
le  theory. 

The  rate  of  evaporation  at  a  given  temperature  and  pressure  varies 
ery  much  with  different  liquids.  This  would  of  course  be  expected, 
or  the  escape  of  a  molecule  depends  on  its  normal  velocity  and  the 
^ture  of  the  surface-layer,  ])oth  of  which  will  depend  upon  the  nature 
^f  the  substance.  Thus  a  drop  of  ether  let  fall  through  the  air  dis- 
appears almost  at  once,  a  drop  of  alcohol  less  rapidly,  and  a  drop  of 
^at«r  much  less  rapidly  still. 

From  a  series  of  experiments  on  the  rate  of  evaporation  of  liquids 
^^itained  in  narrow  tubes,  Stefan  ^  was  led  to  the  law  that  the  velocity 

^  Stefan,  Journal  cU  Phys.,  *2r  serie,  torn.  i.  p.  202,  1882. 
Wied.  Aa».,  vols,  xxxiii.  xxxv.,  1888. 

The  differential  equations  of  the  motion  of  vapours  are  analo<;?ous  to  those  of 

^^  potential  of  electric  tield.     If  a  liquid  evaiK>rates  in  an  indefinite  atmosphere  the 

^iMgof  vapour  which  leaves  any  unit  of  the  surface  per  second  is  proportional  to 
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of  evaporation  varies  inversely  as  the  distance  of  the  surface  from  the 
open  end  of  the  tube.  The  application  of  the  theory  of  the  difiusioD 
of  gases  to  this  process  led  to  the  same  law,  and  furnished  a  complete 
determination  of  the  velocity  of  evaporation,  which  rendered  it  possible 
to  calculate  the  coefficient  of  diffusion  of  vapours.  These  experiments 
have  been  extended  by  Winkelmann  to  several  series  of  liquids, 
and  have  been  used  to  determine  the  coefficients  of  diffusion  of  their 
vapours. 

Similar  experiments  to  those  on  evaporation  may  be  made  on 
the  solution  of  solids  in  liquids,  and  the  coefficient  of  diffusion  deter- 
mined. 

189.  Ebullition. — The  rate  of  evaporation,  depending  as  we  have 
seen  on  the  facility  with  which  the  molecules  escape  through  the 
surface  layer,  will  be  favoured  by  anything  which  increases  the 
average  velocities  of  the  liquid  molecules  or  diminishes  the  surface 
tension.  Increase  of  temperature  has  both  these  effects,  the  latter 
being  a  consequence  of  the  former ;  and  for  this  reason  evaporation 
from  a  given  liquid  under  given  conditions  takes  place  more  rapidly 
the  higher  the  temperature. 

The  effect  of  evaporation  is  to  carry  off  those  molecules  of  the 
liquid  which  are  in  most  rapid  motion,  and  consequently  to  diminish 
the  temperature  of  the  liquid.     Steady  evaporation  carries  off  a  steady 
flow  of  heat,  so  that  if  the  temperature  of  the  liquid  is  maintained 
consUmt  a  steady  supply  of  beat  must  be  given  to  it.      Equilibrium  is 
therefore  established  when  the  rate  of  supply  is  equal  to  the  rate  at 
which  heat  is  carried  away   by   evaporation.     If   the  supply  is  con- 
siderable and  the  free  surface  small,  it  may   be   impossible  for  this 
equilibrium  to  be  established  ;  and  as  the  temperature  rises  a  point  is 
reached  at  which   the  surface   is  unable   to  afford  the  means  of  suffi- 
ciently rapid  c^scape  to  the  molecules,  and  bubbles  of  vapour  are  formed 
in  the  interior  of  the   liquid.     At   this   stage   the   vapour-pressure  is 
sufficient  to  support  a  bubble  inside  the   liquid  and  the  temperature 

the  electric  density  at  this  part  of  the  surface  when  charged.  The  direction  of  th^ 
current  of  vapour  is  along  tlie  lines  of  force,  and  the  surfaces  of  equal  pressure  »re 
coincident  witli  the  ecjuipotentiul  surfaces.  If  a  be  the  radius  of  a  circular  l>win,  * 
the  coellicient  of  dift'usion,  P  the  atmospheric  pressure,  p'  and  p'*  the  pressure  of  tb* 
vapour  at  the  surfa<;e  and  very  far  away  from  it  respectively,  the  mass  of  nf^^^ 
which  escapes  from  the  hasin  per  unit  time  is 

P  -  «" 
M  =  4Ayt  log,  p-y,- 

Thus  M  is  proportional  to  the  radius  of  the  basin  and  not  to  its  surface,  as  conanioDO 
supixised  (Stefan,  Tnois.  Fienua  Acad.,  1881,  abstract  in  Jotimal  de  I'hyfiqv^'^^ 
i.  p.  202,  1882). 
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€8  to  rise.  When  a  bubble  is  formed,  evaporation  takes  place 
:s  surface,  so  that  the  effect  of  the  formation  of  such  a  bubble  is 
ncrease  the  surface  through  which  evaporation  takes  place,  and 
this  means  equilibrium  between  loss  and  supply  is  established, 
h  bubble  as  it  is  formed  rises  to  the  surface,  increasing  in  size 
ing  its  ascent,  and  escapes  into  the  space  outside.     If  now  the 

of  supply  of  heat  be  augmented,  it  is  found  that  the  temperatiu^ 
be  liquid  remains  stationary.  Bubbles  merely  form  more  rapidly 
hat  the  rate  of  loss  is  still  maintained  equal  to  the  rate  of  supply 
eat  The  temperature  at  which  this  occmrs  is  termed  the  Imling 
ty  and  the  process  of  vaporisation  by  bubble-formation  is  called 
ing.      The  temperature  of   boiling   depends   upon  the  pressure. 

higher  the  pressure,  the  greater  the  difficulty  of  forming  bubbles,. 

the  higher  the  temperature  at  which  boiling  occurs.  Thus  the 
perature  of  water  boiling  under  a  pressure  of  760  mm.  of  mercury 
00"  C,  while  under  a  pressure  of  92  mm.  boiling  will  occiu*  at  a 
perature  of  50°  C,  and  under  a  pressmre  of  1520  mm.  the  tempera- 
I  of  boiling  is  12r-4  C. 

Xo  definite  law  has,  however,  yet  been  discovered  connecting  the 
ing  point  with  the  pressure,  but  several  have  been  proposed* 
ae  will  be  considered  later  on.  The  general  law  of  ebullition  is 
logons  to  that  of  fusion,  viz.  that  a  given  liquid  under  a  given 
«ure  always  boils  at  a  definite  temperature,  or,  in  other  words,  the 
ing  point  depends  only  on  the  pressure.  In  the  case  of  fusion  the 
lence  of  pressure  is  small,  but  the  effect  on  the  boiling  point  is 
siderable.  In  general,  when  the  boiling  point  is  spoken  of  the 
iperature  of  boiling  under  the  standard  atmosphere  (760  mm.  of 
rcury)  is  meant. 

The  boiling  point  under  any  pressure  is  often  defined  as  the  tem- 
ature  at  which  the  pressure  of  the  satiu-ated  vapour  of  the  liquid  is 
lal  to  the  external  pressure  to  which  the  liquid  is  subject  It 
uld,  however,  appear  much  more  straightforward  to  define  the 
iling  point  as  the  temperature  at  which  boiling  occiurs,  that  is,  the 
nperature  at  which  a  liquid  gives  off  bubbles  of  its  own  vapour.  It 
ght  then  be  stated  as  a  result  of  experiment  that  at  this  temperature 
B  pressure  of  the  saturated  vapour  of  the  liquid  is  equal  to  that 
'der  which  the  liquid  boils. 

The  pressure  of  the  vapoiu*  in  a  rising  bubble  must  of  course  be 
^ewhat  greater  than  the  pressure  outside  the  liquid,  and  even  at  the 
rface  of  the  liquid  the  vapour -pressure  must  be  a  little  greater 
An  that  at  some  distance  away,  for  the  vapour  is  flowing  away  from 
'®  surface,  and  it  of  course  flows  from  places  of  higher  to  places  of 
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lower  pressure.  The  apparatus  employed  for  fixing  the  boiling  point 
on  thermometers  (Fig.  9)  shows,  however,  that  the  pressure  of  the 
saturated  vapour  within  the  boiler  is  scarcely  appreciably  greater 
than  that  of  the  atmosphere  outside  if  the  escape  tube  be  fairly  wide. 

190.  Superheating — Variation  of  the  Boiling  Point  under  eon- 
stant  Pressure — Circumstances  which  determine  Ebullition.^ — The 
temperature  of  a  liquid  boiling  under  constant  pressure  depends  to 
some  extent  on  the  nature  of  the  containing  vessel.  The  discovery  of 
this  influence  of  the  containing  vessel  is  generally  attributed  to  Gay- 
Lussac  (1812),  but  as  early  as  the  middle  of  the  last  century  it  seems 
to  have  been  generally  known  that  the  temperatiu^e  of  water  boiliDg 
under  a  definite  pressure  was  not  always  the  same.  It  was  found  to 
vary  within  certain  limits,  which  led  to  incongruities  in  the  fixing  of 
the  boiling  point  on  thermometers.  For  this  reason  a  report  on  the 
subject  was  made  by  some  of  the  most  distinguished  members  of  the 
Royal  Society  in  1777,  in  which  it  was  recommended  that  the  thermo- 
meter during  the  fixing  of  the  boiling  point  should  be  immersed  in  the 
steam  of  the  boiling  water.  From  this  it  would  appear  that,  even  at 
this  date,  it  was  known  that  although  the  temperature  of  the  liquid 
may  depend  on  the  nature  of  the  vessel,  or  even  vary  with  the  same 
vessel  at  different  times,  yet  the  temperature  of  the  steam  was  always 
the  same  under  the  same  pressure. 

As  early  as  1784  it  was  shown  by  Achard  ^  that  the  boiling  point 
of  water,  under  constant  pressure,  varied  much  more  in  metallic  than 
in  glass  vessels.  He  also  noticed  that  if  when  water  was  boiling 
steadily  some  iron  filings,  or  other  finely-divided  insoluble  substance, 
was  thrown  in,  the  temperature  of  the  boiling  liquid  was  lowered  TR- 
or  more,  and  that  this  depression  varied  considerably  according  as  the 
substance  thrown  in  was  powdered  or  in  lump.  The  effect  of  soluble 
substances,  on  the  otlier  hand,  was  determined  diuring  the  experiments 
of  Dalton,  Watt,  Robison,  Southern,  and  others  on  the  pressure  of 
siiturated  steam  at  various  temperatures.  These  experiments  will  be 
considered  in  the  next  section. 

The  etlect  of  dissolved  air  in  the  operation  of  boiling  was  studied 
by  I)e  Luc;^  and  in  1772  he  propounded  a  theory  which  states  m 

^  Sec  a  j>a|»tr  by  Charles  Touilinson,  Pnx*.  Rmj.  Soc.,  vol.  xvii.  1868-69,  p.  2^"- 
An  interesting  history  of  tlie  whole  subject  is  also  given  by  the  same  author,  ™'' 
Mag.,  vol.  xxxvii.  p.  101,  1809. 

-  Acliaid,  XouiraH.r  Mi'moirci  ilc  VAmdtmic  lloiiale  cU  Berlin^  1785,  p.  2;  '^*"' 
//<■  Chiiiiic,  torn.  x.  p.  49.  Gay-Lussao's  note  on  the  subject  will  be  found  in  toD>- 
vii.  Ann.  de  Chiniic  cf  df  I*h{/siqu€,  1817. 

^  De  Luc,  JkchrrJirs  sur  hs  Modilicatkms  de  V Atmosphere ,  Geneva,  1772.  ^^^ 
<h(dinn  a  la  rinjsiqve  krrcsfn'  jmr  Us  Fhiides  cj-jxttisihles,  Paris,  1803. 
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ry  precise  terms  that  boiling  is  initiated  and  sustained  by  the  bubbles 
air  which  become  disengaged  from  the  liquid  when  heated.  These 
bbles  may  be  seen  collecting  in  large  numbers  on  the  sides  of  a  glass 
iker  in  which  water  is  being  heated.  As  the  temperature  rises 
iporation  takes  place  from  the  liquid  into  the  bubble,  which  grows 
size  and  rises  to  the  surface.  The  part  played  by  the  air  is  to 
•m  a  centre  of  evaporation,  and  give  a  start  to  the  formation  of  a 
pour  bubble.  If  the  liquid  is  quite  purged  from  dissolved  air,  then  Dissolved 
»rding  to  this  theory  there  is  nothing  to  start  bubbles  in  the 
«rior,  and  evaporation  can  take  place  only  at  the  free  surface.  In 
ifirmation  of  this  view  De  Luc  found  that  water  from  which  the  air 
i  been  carefully  expelled  by  boiling  could  be  heated  in  a  tube  to  a 
nperature  of  2 34  5  F.  without  boiling. 

A  similar  experiment  showing  the  same  effect  was  made  by  Donny  ^ 
1844.  Water  was  placed  in  a  glass  tube  previously  well  washed 
t  with  sulphuric  acid  and  rinsed.  The  water  was  then  boiled  for 
ne  time  in  order  to  expel  all  the  dissolved  air,  as  well  as  the 
•  in  the  upper  part  of  the  tube.  When  this  was  effected  the  tube 
ks  hermetically  sealed.  The  extremity  of  the  tube  containing  the 
iter  was  then  placed  in  a  bath  of  glycerine,  the  temperature  of  which 
18  raised  to  137°  C.  without  ebullition  of  the  water.  At  this  point, 
wever,  a  sudden  rupture  of  the  liquid  occurred  with  explosive 
)lence,  projecting  part  of  the  mass  to  the  fiurther  end  of  the  tube, 
lis  is  known  as  boiling  by  bumping.  It  occurs  in  most  cases  when 
[uids  are  subjected  to  prolonged  boiling,  and  has  been  suggested  as  a 
tssible  cause  of  boiler  explosions. 

The  influence  of  copper  turnings,  powdered  charcoal,  pounded  glass, 
c,  in  reducing  the  boiling  point  was  also  investigated  by  Gay-Lussac^ 
e  considered  that  the  boiling  point  depended  on  the  nature  of  the 
irface  of  the  containing  vessel  as  regards  its  polish  and  conductivity 
)r  heat.  Marcet,^  on  the  other  hand,  maintained  that  metal  turnings 
epressed  the  boiling  point,  because  their  molecular  attraction  for  water 
» less  than  that  of  glass,  so  that  the  water  adlieres  more  tenaciously 
t>  the  sides  of  the  glass  vessel  than  to  those  of  a  metallic  one  or  to 
letal  filings.  This  adhesion  to  the  sides  of  the  glass  vessel  will  be 
^fluenced  by  dirt  and  impurities  on  the  sides  of  the  vessel,  and  conse- 
Uently  variations  would  be  expected  in  the  temperature  of  a  liquid 
filing  in  diff'erent  glass  vessels,  or  even  in  the  same  vessel  at  different 

*  Donny,  Ann.  de  Chimie  el  dc  Physiqur,  3%  toui.  xvi.  1844. 
'  Gay-IiU8sac,  Ann.  de  Chimin  torn.  Ixxxii.  p.  171  ;  and  Ann.  de  Chimie  et  de 
hiiqy^,  torn.  vii.  p.  307. 
'  Marcet,  Ann.  de  Chimie  et  de  Physique^  S*",  toni.  v.  p.  449. 
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times.  When  a  glass  flask  is  thoroughly  washed  out  with  sulphuric 
acid  and  rinsed  with  pure  water,  the  boiling  point  of  pure  water  was 
found  by  Marcet  to  be  106  C.  These  variations  were  referred  to 
molecular  changes  in  the  surface  of  the  glass. 

The  theory  of  De  Luc  seems,  however,   to  have  had  the  most 
general  acceptance  up  to  the  present  time.     The  influence  of  dissolTed 
air  in  facilitating  ebullition  is  beyond  question ;  but  whether  the  action 
ipended  is  directly  due  to  the  air  itself  or  to  particles  of  dust  suspended  in  it, 
'^*  or  to  other  impurities,  does  not  seem  to  have  been  sufficiently  deter- 

mined. Thus  M.  Gernez  ^  describes  an  experiment  in  which  copious 
ebullition  ensued  in  a  liquid  at  the  boiling  point,  from  the  surface  of  a 
small  bubble  of  air  placed  in  its  interior,  and  Mr.  Tomlinson  -  foimd  that 
a  yrire  gauze  cage  containing  air  might  be  lowered  into  the  interior  of 
the  liquid  without  exciting  ebullition,  provided  the  cage  and  air  be 
what  he  terms  chemically  clean.  From  this  experiment  it  appeared 
that  clean  air  did  not  cause  ebullition.  The  specks  of  dust  which  it 
usually  contains  are  the  active  agents. 

Mr.  Tomlinson's  experiments  on  this  subject  are  full  of  interest    A 
test  tube,  one  thinl  or  one  half  full  of  the  liquid  to  be  examined,  was 
placed  in  a  warm  bath  and  maintained  at  or  near  its  boiling  point,  but 
not  actually  boiling.     While  the  liquid  in  the  tube  was  thus  silently 
evaporating,  its  surface  was  touched  with  the  end  of  a  brass  wire,  and 
violent  ebullition  set  in  immediately.     As  soon  as  the  wire  was  removed 
the  boiling  ceased,  but  it  commenced  again  when  the  surface  was  touched 
with  a  slip  of  paper,  or  the  end  of  an  iix)n  wire,  or  a  glass  rod.     In  the 
case  of  a  glass  rod  the  whole  surface  was  active  at  first  as  the  rod 
was  passed  down  into  the  liquid.     Bubbles,  however,  soon  ceased  to  he 
given  off*,  except  at  two  small  points.     Tomlinson's  explanation  is  that 
the  surface  bec^tme  clean,  and  therefore  inactive  in  separating  vapour. 
The  two  specks  from  which  vapour  continued  to  be  given  off  were 
impurities  in  the  glass,  probably  iron  or  carbon,  which  were  porous,  or 
not  so  easily  cleaned  as  the  glass.      In  a  tube  containing  ether,  bubbles 
were  rapidly  discharged  from  two  specks  in  the  glass.     Specks  of  this 
kind  are  often  very  active  in  separating  gas  from  saturated  solutions, 
such  as  soda-water,  etc.,  and  in  setting  up  crystallisation  in  super- 
saturated solutions  of  salts. 

With  respect  to  the  action  of  surface  rugosities,  the  action  of  a  rats- 
tail  file  was  examined.  The  surface  of  the  hot  liquid  was  touched  vitD 
the  file,  and  furious  boiling  ensued.  The  file  was  then  held  in  the  fom^ 
of  a  spirit-lamp,  and  while  hot,  was  held  in  the  upper  part  of  the  tuW 

^  A)i7i.  de  Chimtc  et  de  Phys.,  5%  tom.  iv.  p.  335,  1875. 

'•^  Loc.  cit. 
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»ol  in  the  vapour  of  the  liquid,  being  thus  sheltered  from  the  air. 
)  file  was  now  found  to  be  inactive,  even  though  passed  slowly  down 
ihe  bottom  of  the  liquid.  However,  when  taken  out  and  waved  in 
air  it  again  became  active ;  but  when  left  in  the  liquid  it  soon  ceased 
36  active,  or,  according  to  the  theory,  became  clean. 
A  small  pellet  of  writing-paper  thrown  into  ether  caused  rapid 
Ilition  for  some  time,  the  paper  being  tossed  violently  about  till  it 
denly  sank  dead  and  ceased  to  be  active.  A  brass  wire  passed 
m  to  the  bottom  of  the  tube  evolved  bubbles  from  all  parts  of  its 
face,  but  after  some  time  it  became  clean  and  ceased  to  promote 
Ilition,  except  at  one  point  at  its  end,  from  which  bubbles  continued 
stream  off.     The  wire  was  taken  out  and  filed,  but  on  being  inserted 

>  the  liquid  again  bubbles  continued  to  stream  off  from  two  points, 
the  same  manner  a  piece  of  flint,  when  dropped  into  methylated 
Tit  at  its  boiling  pointy  gave  off  bubbles  in  abundance  all  over  its 
face.  On  being  taken  out  and  broken  in  two  it  was  found  that 
en  replaced  in  the  liquid  the  newly-fractured  surfaces  were  inactive, 
lie  bubbles  were  freely  liberated  at  the  old  surfaces  as  before. 

The  behaviour  of  nuclei  is  the  same  in  the  case  of  supersaturated 
ne  or  gaseous  solutions,  and  in  the  opinion  of  the  author  of  these 
)eriments  any  surface  will  bo  active  or  inactive  in  promoting  evolu- 
1  of  gas  or  separation  of  crystals,  according  as  it  is  chemically 
sleanor  clean.  A  liquid  at  the  boiling  point  is  regarded  throughout 
a  saturated  solution  of  its  own  vapour. 

While  non-porous  substances  become  inactive  after  some  time  in 
»moting  separation  of  vapour,  it  is  found  that  porous  substances  do 
t  become  inactive.     Such  substances,  therefore,  ivs  charcoal,  coke,  etc., 

>  the  proper  nuclei  for  promoting  the  liberation  of  vapour  in  the 
erations  of  boiling  and  distilling,  and  for  preventing  bumping. 

The  possibility  of  superheating  a  liquid,  as  well  as  that  of  over-  Super- 
oling  it,  will  depend  on  any  circumstance  which  reduces  the  chance    *^*  *"^' 

the  molecules  at  any  place  coming  into  the  condition  in  which 
^porisation  or  solidification  may  start  at  that  place.     For  this  reason 

would  be  expected  that  very  mobile  liquids  would  be  more  diflScult 
•  superheat  or  overcool  than  those  which  are  viscous.  For  the  same 
*8on  superheating  and  overcooling  will  be  more  difficult  the  larger 
le  quantity  of  liquid  employed ;  for  since  it  is  sufficient  that  the 
squired  arrangement  of  molecules  should  occur  at  any  single  place  for 
^Ilition  or  crystallisation  to  set  in,  the  probability  of  this  happening 
'  some  place  will  increase  with  the  quantity  of  liquid  employed. 
UU8  Dufour  ^  found  that  drops  of  water  suspended  in  a  mixture  of 
*  Dufour,  Ann,  de  Chimie  et  de  Phys.,  S*"  serie,  torn.  Ixviii.  p.  370,  1863. 
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oil  of  cloves  and  linseed  oil  could  be  heated  much  above  the  boiling 
point.  Drops  10  ram.  in  diameter  were  heated  to  120''  C,  and  those- 
which  were  only  1  to  3  mm.  in  diameter  remained  liquid  up  to  a 
temperature  of  178°  C.  These  drops  burst  into  vapour  with  a  hissing 
noise  when  touched  with  a  glass  rod,  or  when  they  floated  against  the 
thermometer  or  the  sides  of  the  vessel.  The  eflect  of  surface  tension 
may,  however,  have  a  considerable  influence  in  this  as  well  as  in  all 
other  cases  of  superheating.^ 

When  a  volatile  liquid  is  placed  in  a  tube  and  cautiously  heated  in  a 
bath  to  a  temperature  above  its  boiling  point  without  boiling,  very  rapid 
evaporation  takes  place  at  the  surface,  and  the  cooling  thus  produced 
may  l)e  sufficient  to  keep  the  liquid  at  a  temperature  considerably 
below  that  of  the  bath.  Thus  M.  Gemez^  found  that  in  a  tube 
14  mm.  in  diameter,  containing  carbon  bisulphide  and  placed  in  a 
bath  at  80"  C,  the  temperature  of  the  liquid  in  the  tube  did  not 
exceed  72*"  C. 

191.  The  Spheroidal  State. — An  apparently  singular  pheno- 
menon connected  with  vaporisation  is  that  known  as  the  spheroidal 
state.  A\"hen  a  drop  of  water  is  let  fall  on  a  hot  metal  plate  the  drop 
ordinarily  boils  away  violently  with  a  hissing  noise.  If,  however,  the 
temperature  of  the  metal  is  sufficiently  high,  the  drop  does  not  enter 
into  ebullition,  neither  does  it  spread  over  the  surface  and  wet  it  as  at 
lower  temperatures,  but  it  rolls  about  on  the  surface  like  a  globule  of 
mercury.  The  phenomenon  may  be  easily  studied  by  raising  a  metal 
capsule  to  a  white  heat  over  a  Bunsen  flame,  and  dropping  a  globule  of 
water  carefully  into  the  dish  from  a  pipette.  While  the  temperature 
of  the  dish  is  maintained  the  drop  remains  as  if  on  a  greased  sur- 
face, while  evaporation  proceeds  rapidly  but  silently  from  its  under 
surface.  If  the  lamp  be  removed  and  the  dish  allowed  to  cool,  a 
point  will  be  reached  at  which  the  drop  comes  into  contact  with  the 
.surface,  and  violent  ebullition  sets  in  with  the  formation  of  a  cloud  of 
vapour. 

Duiing  the  spheroidal  condition  it  may  be  easily  verified  that  the 
<lrop  is  out  of   contact  Avith  the  hot  metal.     It  is   supported  on  a 

'  [The  i»ressiire  of  sjiturated  vapour  in  contact  with  a  curved  surface  of  its  o^ 
liquid  depends  on  the  curvature  of  the  surface.  It  is  greater  when  the  surface  of  tw 
liquid  is  convex  aud  less  when  the  surface  is  concave  than  when  it  is  flat  On  thi> 
aceount,  a  very  small  bubhle  forniin*;  in  a  liquid  would  tend  to  condense  again,  c'^f" 
if  the  tenii»erature  were  several  degrees  above  the  Itoiling  ])oint.  But  if  the  bnoW^ 
were  large  ontuigh  for  tin*  vjipour  within  it  to  be  below  saturation -pressure  it  '•oiu 
grow  rapidly.  This  explains  boiling  by  bumping  and  the  effect  of  nuclei  of  ftir»^'^ 
etc..  in  facilitating  boiling  (see  p.  408).] 

-  Gernez,  Ann.  <h  Cliimie  d  dc  Phy.'i.,  5^  serie,  torn,  iv.,  1875. 
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>f  its  own  vapour.     The  eye  placed  on  a  level  with  the  siir- 

easily  observe  through  the  interval  between  the  drop 
y  if  it  is  coloured  dark)  and  the  surface  any  bright  object,  such 
le,  placed  on  the  other  side.  Professor  Poggendorf  proved 
t  of  contact  in  another  manner.  The  two  terminals  of  an 
Mittery  were  placed  in  contact,  one  with  the  drop  and  the 
;h  the  hot  metal.  While  the  spheroidal  condition  lasted  no 
massed,  but  as  soon  as  the  temperature  of  the  metal  fell  to  the 
vhich  boiling  occurred,  the  galvanometer  was  deflected,  showing 
act  had  been  established, 
outigny,^  by  placing  a  small  thermometer  in  the  drop,  found 

temperature  of  the  drop  when  in  the  spheroidal  state  was 
elow  its  boiling  point ;  and  Berger  -  afterwards  found  that  in 
;lobule  the  temperature  registered  by  a  thermometer  placed 
terior  marked  from  96°  to  98""  near  the  bottom,  and  about 
16  upper  surface. 

be  case  of  liquid  sulphurous  acid  the  temperature  of  the 
is  low  enough  to  freeze  a  drop  of  water  placed  in  it.  This 
shown  by  Boutigny,  and  hence  the  apparently  extraordinary 
t  that  water  may  be  frozen  in  a  red-hot  crucible.  The  red- 
ble  has  nothing  to  do  with  the  freezing.     It  follows  merely 

fact  that  a  liquid  in  the  spheroidal  stat^  is  below  its  boiling 
d  the  boiling  point  of  sulphurous  acid  is  below  the  freezing 

water.  Faraday  in  the  same  way  succeeded  in  solidifying 
by  using  solid  carbonic  acid  instead  of  the  sulphurous  acid 
1  in  Boutigny  s  experiment. 

le  surface  of  the  heated  metal  be  flattish,.  so  that  lateral 
>f  the  vapour  is  impeded,  it  will  burst  up  through  the 
i  the  drop ;  and  it  sometimes  happens  that  when  the 
an  escape  laterally  it  issues  in  regular  pulses,  which  throw 
€6  of  the  drop  into  beautiful  undulations.  As  the  tempera- 
he  metal  falls  the  vibration  of  the  drop  subsides  till  it  becomes 
9S ;  it  then  suddenly  spreads  over  the  metallic  surface  with  a 
loise.  Contact  is  now  established,  and  the  spheroidal  condi- 
terminated. 

mode  of  experiment  may  be  reversed.  The  heated  capsule 
placed  afloat  on  the  surface  of  a  basin  of  hot  water.  While 
ule  is  hot  it  floats  silently  on  the  surface  of  the  water  sup- 
n  a  cushion  of  vapour. 

igny,  Ann.  de  Chinne  ct  dr  PJnis.,  3*-*  serie,  torn.  ix.  p.  250  ;  torn.  xi.  p.  16  ; 

.  p.  54  ;  torn,  xxviii.  p.  178. 

er,  Pixjg.  Ann.y  toni.  cxix.  p.  594,  1863. 
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The  first  o)>servation  of  the  spheroidal  state  is  attributed  to 
Leideiifrost,  but  in  some  of  its  forms  it  must  have  been  known  from 
very  early  times.  The  laundress's  mode  of  testing  the  temperature 
of  a  smoothing  iron  by  means  of  a  drop  of  water  is  an  example.  A 
white  hot  iron  may  be  licked  with  the  tongue  without  injury,  contact 
with  the  metal  being  prevented  by  the  vapour  developed.  Similarly 
the  hand  if  wet  may  be  passed  through  a  stream  of  molten  metal,  and 
solid  carbonic  acid  may  be  placed  in  the  mouth  without  injury.  Many 
escapes  from  fiery  ordeals  are  perhaps  attributable  to  the  same  pro- 
tective influence.  After  the  hand  has  been  moistened  with  ether  it 
can  be  plunged  into  melted  lead  without  experiencing  any  extreme 
sensation  of  heat. 

The  use  of  a  heated  metallic  surface  is  not  essential  to  the  produc- 
tion of  the  spheroidal  state.  The  only  necessary  condition  is  a  suffi- 
ciently elevated  temperature.  Liquid  drops  may  assume  the  spheroidal 
.state  on  the  surface  of  another  liquid  which  is  8uf)iciently  hot;  and 
solids  such  as  carbonic  acid  snow,  which  vaporise  Avithout  liquefaction, 
assume  an  analogous  state  when  placed  on  a  surface  whose  temperature 
is  sufficiiMitly  high  to  vaporise  them  with  the  necessary  rapidity. 

That  a  licjuid  drop  in  the  spheroidal  state  is  supported  on  a 
cushion  of  its  own  vapour  is  confirmed  by  the  experiment  of  Budde, 
who  found  that  in  the  exhausted  receiver  of  an  air-pump  water 
assumes  the  spheroidal  stjite  at  temperatures  as  low  as  80'  or  90 
C.  In  this  case  the  vapour  pressure  under  the  drop  is  only  that 
necessiuy  to  the  support  of  the  drop,  whereas  in  air  the  vapour 
pressure  under  the  drop  must  support  the  drop  and  the  atmospheric 
pressure  as  well.^ 

It  has  been  shown  by  K.  S.  Kristensen  -  that  the  heat  radiated  ^y 
the  dish  to  a  drop  in  the  spheioidal  state  is  not  sufficient  to  account 
for  the  j>heiioinenon,  but  that  the  heat  conducted  through  the  vapour 
must  also  be  taken  into  account.  The  investigation  shows  that  the 
heat  conveyed  in  the  latter  manner  preponderates. 

^  [T\\o  explaiKitioii  formerly  given,  /./'.  that  vapour  is  generated  so  rapidly  uuJ'^r 
a  drop  ill  the  sphtMoidal  condition  n»  to  keep  up  a  pressure  sutTieient  to  support  the 
drop,  is  iniidtMjuatc  to  account  for  the  facts.  Mr.  R.  J.  Mo.srf  (Proc.  lioy.DM^'^' 
1877-7v*^,  p.  >7  louiul  that  drops  of  cold  etlier  wouhl  float  on  warm  ether,  and  dro]"^ 
of  melted  paralliii  on  a  hot  silver  jdate.  Tlie  first  experiment  shows  that  a  diff<ereDC< 
of  temperature  is  au  essential  feature  of  the  ]>henonienun,  and  the  second  that  the 
production  of  va]»our  is  not  essential,  since  tlie  jKiraflin  was  found  not  to  bavel*^ 
Weight  after  the  experiment.  The  excess  of  pressure  in  the  vaiK)ur  or  air  anJ^''*''* 
drop  apj>ears  t«)  he  due  to  molecular  action  of  a  similar  nature  to  that  which  occur' 
♦luring  the  thermal  transpiration  of  gases  (see  next  Art.).] 

-  Ti'hskrift  for  rUysUc  vy  Ckimic  (2).  vol.   ix.  p.   161;  BeiblaUer  der  Fh}f^^^' 
vol.  xiii.  p.  15r». 
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192.  [Thermal  Transpiration  of  Gases. — The  passage  of  gases 
hrough  narrow  tubes  and  through  porous  septa  was  studied  by  Graham, 
le  found  that  the  rates  of  flow  of  gases  through  a  porous  diaphragm, 
iich  as  a  thin  plate  of  graphite,  are  inversely  as  the  square  roots  of 
heir  densities,  if  their  temperatures  and  pressures  are  the  same, 
["his  is  Graham's  law  of  diffusion,  and  according  to  the  kinetic  theory 
5  equivalent  to  saying  that  the  rate  of  flow  is  proportional  to  the 
lolecular  velocity.  Graham  found,  however,  that  the  passage  of  gases 
hrough  capillary  tubes  or  thick  porous  walls  did  not  follow  any  such 
imple  law,  in  fact,  he  obtained  different  laws  of  motion  with  plates  of 
ifferent  coarseness  and  with  plates  and  capillary  tubes.  To  the  motion 
f  a  gas  in  such  cases  the  name  transpiration  has  been  given.  In 
rraham's  experiments  transpiration  was  produced  by  a  difference  of 
•ressure  in  the  gas  on  each  side  of  the  porous  partition ;  he  does  not 
eem  to  have  suspected  that  a  difference  of  temperature  might  have  a 
imilar  effect.  That  such  is  the  case  was  discovered  by  Professor 
)8bome  Reynolds,  who  designated  the  phenomenon  by  the  name  of 
kermal  transpiration,^ 

For  instance,  in  one  experiment  Professor  Reynolds  enclosed 
lydrogen  in  a  vessel  divided  in  the  middle  by  a  plate  of  meerschaum, 
he  temperatiu-es  of  the  portions  of  gas  on  the  two  sides  being  main- 
ained  at  11*^  and  100°  C.  respectively,  while  the  pressures  were 
nitially  equal.  In  this  case  hydrogen  was  found  to  pass  from  the 
old  to  the  hot  side  of  the  partition  until,  when  equilibrium  was 
»tablished,  the  pressure  on  the  hot  side  was  greater  than  that  on  the 
jold  side  by  nearly  1  inch  of  mercury.  The  same  effect  was  observed 
writh  air,  but  the  difference  of  pressure  was  less. 

To  understand  why  this  difference  of  pressure  exists  let  us  con- 
sider the  simplest  case,  that  of  a  cylindrical  vessel  HC  (Fig.  95),  one 

end  of  which  H  is  kept  hot  and  the  other  C       r 7\ 

^ept  cold.     Suppose,  in  the  first  instance,  that    *^\j \j^ 

the  gas  is  sufficiently  rarefied  for  mutual  en-  f'K-  »5. 

counters  to  be  infrequent  compared  with  the  impacts  of  molecules  with 
^He  walls  of  the  vessel.  Let  a  molecule  strike  the  end  H  perpen- 
dicuUrly  with  a  velocity  m'  and  rebound  with  a  velocity  w,  these 
velocities  being  those  characteristic  of  the  temperatures  of  the  two 
ends.  The  change  of  momentum  is  m{u-\-ii),  if  m  is  the  mass  of 
^"6  molecule.  If  now  the  molecule  arrives  at  C  with  the  velocity  u 
^J^d  rebounds  with  the  velocity  u  the  change  of  momentum  is  again 
^{^ T u).  In  such  a  case  then,  it  would  seem  at  first  sight  as  though 
^'^e  molecules  would  be  equally  distributed  throughout  the  space  and 
*  Osborne  RejnoMs,  Phik  Trans.,  A.,  1879.     Scientific  Papers,  vol.  i. 
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would  exert  equal  pressures  on  H  and  C.  But  if  the  molecules  should 
strike  the  sides  of  the  cylinder  on  their  way,  so  as  to  give  up  part  of 
their  momentum  to  these  sides  when  travelling  in  the  direction  HC 
and  receive  increased  momentum  when  travelling  in  the  direction  CH; 
or,  in  other  words,  if  the  cooling  and  heating  of  the  gas  is  effected,  in 
part  or  in  whole,  by  the  side  walls ;  then  the  molecules  will  arrive  at 
H  with  a  velocity  greater  than  tt\  and  at  C  with  a  velocity  less  Uian  «, 
so  that  the  pressure  on  H  will  be  greater  than  that  on  C,  and  the 
excess  of  pressure  on  H  over  that  on  C  will  be  exactly  balanced  by 
a  tangential  stress  over  the  curved  surface  of  the  cylinder.  The 
molecules  would  no  longer  be  equally  distributed,  for  they  would 
spend  more  time  at  the  cold  end  owing  to  their  slower  speed,  and  thus 
the  density  would  be  greatest  at  the  cold  end. 

Let  us  now  consider  the  eft'ect  of  altering  the  dimensions  of  the 
cylinder.     An  increase  in  diameter  would  diminish  the  proportion  of 
collisions  with  the  sides  as  compared  with  those  at  the  ends,  so  that 
the  difference  of  pressure  between  the  ends  would  be  lessened.    An 
increase  of  length  beyond  that  necessary  to  ensure  the  complete  heating 
or  cooling  of  the  molecules  as  they  pass  from  end  to  end  would  have 
no  effect  in  augmenting  the  difference  of  pressure.     If  the  density  were 
increased,  the  frequency  of  mutual  collisions  would  be  increased  also, 
in  other  words,  conduction  of  heat  would  take  place  chiefly  through 
the  gas  and  this  would  tend  to  ec^ualise  the  pressure,  the  more  violent 
collisions  with  the   hot  end   of  the  tube   being  made  up  for  by  the 
irreater  number  of  collisions  with  the  cold  end.     Thus  the  difference  of 
pressure  would  be  most  marked  in  a  fine  capillary  tube.     In  a  vide 
tube  at  ordinary  pressures  the  effect  would  be  quite  inappreciable,  not 
only  because  the  transfer  of  heat  would  be  almost  entirely  by  mutual 
collisions,  but  also  because  it  would  be  impossible  to  avoid  convection 
currents  due  t<>  gravitation.     In  the  case  of  a  porous  plate  separating 
two  portions  of  gas  at  different  temperatures,  we  may  regard  the  plate 
as  ecjuivalent  to  a  system  of  fine  capillary  tubes. 

An  important  result  est^iblished  by  Professor  Reynolds  is  that 
gases  transpiring  through  different  plates  behave  in  the  same  manner 
provided  that  their  densities  are  in  a  fixed  ratio  depending  on  the 
nature  of  the  plates.  Thus  in  the  case  of  transpiration  of  air  caused 
by  pressure,  similar  results  were  ol>tained  with  stucco  and  meerschaum 
when  the  densities  were  in  the  ratio  1  :5'6.  Also,  in  the  case  of 
thermal  transpiration,  similar  results  were  obtained  with  the  stucco 
and  meerschaum  plates  when  the  densities  were  in  the  ratio  1 :  ^'^• 
The  same  ratios  were  obtiiined  when  hydrogen  was  used  instead  of  air- 
This  fact  forms  a  valuable  confirmation  of  the  kinetic  theory  of  g**^' 
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ccording  to  which  we  should  expect  that  with  passages  of  different 
izes  the  distances  separating  the  molecules  would  be  proportional  to 
he  diameters  of  the  respective  passages  when  the  results  are  similar. 
lie  discrepancy  between  the  numbers  5*6  and  6 '5  in  the  two  cases  is 
trobably  due  to  the  altered  condition  of  the  plates  when  heated. 

198.  Crookes's  Radiometer.^— This  instrument,  invented  by  Sir  W. 
/Tookes,  is  represented  in  Fig.  96.  It  consists  of  a  very  light  vane 
onstructed  of  thin  mica  discs  or  lozenges  fastened  at 
he  ends  of  four  arms  of  aluminium  wire,  the  whole 
rrangcd  to  turn  very  freely  about  a  vertical  axis  and 
nclosed  in  a  glass  vessel  which  is  highly  exhausted, 
lach  of  the  mica  discs  is  blackened  on  one  side.  On 
xpoeing  the  radiometer  to  sunlight  or  any  convenient 
ource  of  radiant  heat,  the  vane  revolves  in  such  a 
iirection  that  the  blackened  faces  are  always  receding. 

The  explanation  of  this  phenomenon  will  be 
eadily  understood  from  the  reasoning  in  the  pre- 
eding  article.  The  black  faces  absorb  the  rays 
rhich  they  receive  more  readily  than  the  reflecting 
aces  and  are  consequently  the  hotter  of  the  two. 
The  pressure  is  greater  on  the  hotter  black  faces 
;han  on  the  others,  owing  to  the  greater  velocity 
^th  which  the  gas  molecules  rebound.  In  this  case 
iphe  tangential  reaction  is  on  the  fixed  walls  of  the  containing  vessel. 
[t  has  been  already  remarked  that  the  difference  in  pressure  due  to  a 
difference  of  temperature  between  the  ends  of  a  tube  containing  gas 
at  ordinary  pressures  would  not  be  appreciable  unless  the  tube  were 
very  narrow.  In  the  radiometer  the  spaces  occupied  by  the  gas  are 
not  narrow,  but  the  gas  is  highly  rarefied,  so  that  the  distribution  of 
niolecules  is  proportionate  to  the  size  of  the  vessel.  At  higher 
pressures  the  vane  revolves  in  the  opposite  direction  owing  to  convec- 
tion currents.  With  smaller  vanes  the  rarefaction  need  not  be  pushed 
*o  far.  Professor  Reynolds  obtained  a  repulsion  effect  at  a  pressure 
of  half  an  atmosphere  by  using  a  silk  fibre  instead  of  a  mica  disc. 

Professor  Reynolds  also  obtained  radiometer  motion  in  a  vessel 
"Ued  with  saturated  water  vapour  at  ordinary  temperatures.  A 
^€Mel  of  hot  water  repelled  the  wings  of  the  vane  and  a  piece  of  ice 
attracted  them.  In  this  case  the  effect  was  caused  bv  condensation 
^king  place  on  the  sides  which  were  cooled  by  radiation  and  by 
^^aporation  from  the  heated  sides.] 

194.    Evaporation   from   Solids:    Sublimation. — Of   the   three 
states  of  matter  the  liquid  forms  a  connecting  link  between  the  solid 
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and  the  gaseous.  Solids  when  heated  generally  pass  into  the  liquid, 
and  then  into  the  gaseous  condition.  Solids  may,  however,  pisi 
directly  into  the  state  of  vapour  without  apparently  passing  through 
the  intermediate  stage — that  is,  solids  evaporate.  Ice  and  snow,  as  is 
well  known,  gradually  evaporate  ;  and  in  the  Arctic  regions  this  is  the 
only  manner  in  which  evaporation  can  occur.  Carbonic  acid  soov 
when  exposed  in  the  air  rapidly  passes  off  into  gas,  and  can  only  vrith 
difficulty  be  liquefied  in  an  open  tube. 

In  these  cases  vaporisation  occurs  at  the  surface  of  the  solid,  and 
the  process  is  termed  sublimation.  A  liquid  boils  or  passes  into  vapour 
at  a  temperature  at  which  the  pressure  of  its  saturated  vapour  is  equal 
to  that  which  the  liquid  supports.  If  now  the  pressure  of  the  vapour 
of  any  substance  at  the  fusing  point  is  equal  to  or  greater  than  one 
atmosphere,  then  tiiis  substance  will  not  exist  under  atmospheric 
pressure  in  the  liquid  state,  for  as  soon  as  the  solid  melts  the  liquid 
will  }3ass  off  into  vapour.  Boiling  will  thus,  as  it  were,  occur  at  the 
surface  of  the  solid.  This  will  always  occur  at  a  given  temperature  if 
the  pressure  is  less  than  that  of  the  saturated  vapour  of  the  sub* 
stiiuce  at  this  temperature ;  but  if  the  pressure  be  greater  than  thiB 
value  the  liquid  form  will  be  possible,  and  melting  will  occur  if  the 
given  temperature  is  above  the  fusing  point.  Thus  arsenic  volatiliees 
without  melting  under  the  atmospheric  pressure,  but  if  the  pressure  is 
increased,  fusion  may  be  effected;  and  Carnelley^  showed  that  mercuric 
chloride  and  camphor  do  not  melt  below  a  certain  pressure  peculiar 
to  each  substance,  and  which  he  pro|)osed  to  call  the  critical  pressure. 

This  subject  has  been  investigated  experimentally  by  Pi^ 
fessors  Kamsfiy  and  Young,-  their  object  being  to  determine  if  solids 
have  definite  volatilising  points  under  different  pressures  just  as 
li([iiids  have  definite  boiling  points.  By  the  term  volatilising  is 
here  implied  a  condition  of  the  solid  analogous  to  that  of  a  liquid 
when  it  is  siiid  to  be  boiling,  and  not  the  mere  passing  off  into 
vapour  analogous  to  evaporation  in  licjuids.  The  volatilising  point 
of  a  solid  under  a  given  pressure  is  the  maximum  temperature  at 
which  it  will  remain  in  the  solid  state  under  that  pressure.  The 
experiments  with  camphor  were  characteristic  of  the  whole  series. 
Some  camphor  was  congealed  round  the  bulb  of  a  thermometer  which 
registered  its  temperature.  The  thermometer  with  the  solid  camphor 
thus  surrounding  its  bulb  was  inserted  into  an  air  reservoir  in  which 
the  pressure  could  be  varied  by  means  of  an  air  pump.  A  tube  led 
from  the  reservoir  to  a  condenser  placed  in  a  freezing  mixture.    At 

>  Seo  Xftture  for  1881  and  1882. 
-  W    Haiu.say  and  S.  Young.  Phi/.  Trans,,  1884,  jwrt  i.  p.  37. 
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w  pressures  the  camphor  vapour  passed  over  into  tlie  condenser,  but 
:  somewhat  higher  pressures  it  deposited  in  tlie  connecting  tube,  show- 
ig  that  at  these  pressures  the  vapour  was  much  nearer  its  condensing 
3int.  When  the  pressure  was  increased  to  370  mm.  the  camphor 
lelled,  and  n  liquid  drop  hung  from  the  end  of  the  solid  camphor 
mating  the  thermometer ;  but  when  the  pressure  was  again  reduced 
}  358  mm.  this  drop  solidified. 

IBS.  Cold  produced  by  Evaporation — Freezing  Machines. — 
Evaporation  is  always  accompanied  by  the  disappearance  of  heat,  and 
or  this  reason  a  liquid  cannot  continue  to  evaporate  and  at  the  same 
ime  maintain  its  temperature  unless  it  is  supplied  with  heat  from 
wme  source.  A  liquid  evaporating  in  an  open  vessel  placed  in  a  room 
U  uniform  temperature  must  therefore  be  at  a  somewhat  lower  tem- 
perature than  the  room.  There  is  a  gradual  flow  of  heat  from  the 
room  into  the  liquid  to  supply  the  place  of  that  which  disappears  or 
becomes  latent  in  evaporation.  If  the  supply  of  heat  be  cut  off  while 
the  evaporation  is  caused  to  continue,  the  heat  necessary  for  the  eva- 
poration will  be  drawn  from  the  liquid  itself,  and  its  temperature  will 
fill  accordingly.  It  is  clear,  therefore,  that  if  rapid  evaporation  be 
forced  by  any  means  while  the  liquid  at  the  same  time  is,  as  for  as 
pouible,  prevented  from  receiving  beat,  the  temperature  of  the  liquid 
>uy  be  reduced  to  its  freezing  point,  and  sol  id  ifi  cat  ion  may  be  brought 
aWt  as  a  result  of  the  evaporation. 

Tliis  was  first  effected  in  the  case  of  water  by  Leslie.'  The 
apparatus  is  shown  in  Fig.  97.  A  small 
^pauie  B  containing  some  water  is  sup- 
ported over  a  dish  A  filled  with  sulphuric 
«id,  and  the  whole  is  placed  under  the 
receiver  of  an  air  pump.  Ou  exhausting 
'he  receiver  the  pressure  is  diminished, 
ud  as  a  consequence  the  water  evaporates 
r^dly  and  begins  to  boil  when  the  pres- 
lare  is  sufficiently  reduced.  The  evapora- 
Uon  is  greatly  facilitated  by  the  presence  ' 
of  the  sulphuric  acid,  which  absorbs  the 
I'spour  almost  as  rapidly  as  it  is  formed. 
The  temperature  of  the  water  is  thus 
]aickiy  reduced,  and  it  ultimately  soltdi- 
ies,  presenting  the  curious  spectacle  of  a  v 

iqaid  freezing  in  the  act  of  ebullition. 

A  freezing  machine  has  been  coiistnicteil    by    M. 
'  Lealie,  ^nn.  <le  Ukimie,  I',  loni.  Ixiiii.  p.  177. 
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pnnciple,  by  which  considerable  quantities  of  water  may  be  fro 
short  tima  The  water  to  be  frozen  is  contained  in  a  flask  (I 
which  IB  attached  by  means  of  a  tube  to  a  cylindrical  reservoi 
of  an  alloy  of  lead  and  antimony,  and  containing  strong  sulphn 
From  the  farther  end  of  the  sulphuric  acid  chamber,  a  tube  . 
the  vertical  cylinder  of  an  air  pump.     A  rod  attached  to  theh; 


the  pumji  works  a  stirrer  which  kteps  the  acid  in  agitation, 
thus  ])resenting  fresh  acid  to  the  \'apour  hastens  the  evap 
The  [lump  is  worked  till  freezing  begiTis,  and  the  acid  b 
constant  agitation,  the  vajwur  is  rapidly  absorbed  by  it.  Once 
has  commenced,  the  pump  is  worked  at  intervals  to  stir  tl 
The  rale  of  freezing  depends  on  the  strength  of  the  acid,  an 
this  beeomt's  diluted  it  must  be  renewed. 

Another    instrument  for  shoiring  the  solidification  of  w: 
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n'apoDiliion  is  Wollaston's  cryopfiorut  (Fig.  99),  which   consists  of  a 

MDt  gluB  tube  furnished  with  a  bulb  at  each  end.     Some  water  ie  at 

int  introduced  and  boiled,  so  as  to  expel  all  the  air,  and  the  apparatus 

>  then  hermetically  sealed,  so  that  it  contains 

mly  water  and  water  vapour,  that  is  water  under 

\,  sDuU  pressure  at  ordinary  temperatures.     When 

t  is  desired  to  solidify  the  water  it  Is  all  placed 

n  one  of  the  bulbs,  B,  and  the  other  bulb,  A, 

3  immersed  in  a  freezing  mixture.     The  vapour 

apdly  condenses  in  A,  and  is  as  rapidly  formed 

n  E     The  cooling  produced  in  B  by  this  rapid 

ivaporation  is  sufficient  to  cause  solidification  of 

te  water. 

By  using  Uquids  more  volatile  than  water,  a  temperature  much 
ower  thsn  the  freezing  point  of  water  may  be  obtained.  Thus  by  the 
wporation  of  sidphuroiis  acid,  which  boils  at  -  10°  C,  or  with 
Uoride  of  methyl,  a  temperature  low  enough  to  freeze  mercury  may 
■«  easily  obtained.  By  directing  a  jet  of  liquid  curbonic  acid  on  the 
lilt*  of  an  alcohol  thermometer  the  reading  of  the  instrument  was 
educed  by  Thilorier  to  -  100°  C. 

Another  form  of  freezing  machine,  also  manufactured  by  Nf.  Carr^,' 
'spends  upon  the  distillation  and  subsequent  evaporation  of  ammonia. 
Tie  apparatus  consists  of  a  boiler  A  (Fig.    100)  which  contains  a 
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ong  solution  of  ammonia  This  boiler  is  connected  by  a  tube  C  to 
lightly  conical  vessel  DD  called  the  freezer,  and  a  brace  hinds  the 
I  firmly  together.     These  vessels  are  made  of  strong  galvanised  iron 

'  Carre,  Complts  Rfndus,  Dfcemlfr  24.  IS60. 
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plate,  and  can  bear  a  pressure  of  7  atms.  A  tubulure  inserted  in  the 
upper  part  of  the  boiler  is  filled  with  oil  and  contains  a  thermometer. 
The  freezer  DD  consists  of  two  concentric  chambers,  and  it  is  only  the 
space  between  these  that  the  tube  C  communicates  with.  The  inner 
chamber  £  receives  a  metal  vessel  containing  the  water  to  be  frozen. 

The  process  of  freezing  necessitates  two  distinct  operations,  (a) 
The  boiler  is  first  heated  to  about  130"  over  a  furnace,  while  the  freezer 
is  placed  in  a  bath  of  cold  water.  The  ammonia  gas  is  thus  expelled 
from  the  solution  in  the  boiler  and  condenses  under  its  own  pressure  in 
the  jacket  of  the  freezer  together  with  about  one-tenth  of  its  weight  of 
water.  When  sufficient  gas  has  been  thus  condensed,  the  second  part 
(/?)  of  the  process  is  commenced.  This  consists  in  placing  the  boiler 
in  a  cold  water  bath,  and  the  freezer  outside  covered  with  flannel  or 
other  non-conducting  stuffs,  so  that  it  cannot  receive  much  heat  from 
surrounding  objects.  The  cylinder  E  containing  the  water  to  be 
frozen  is  then  placed  in  the  interior  chamber  of  the  freezer.  As  the 
boiler  cools  the  ammonia  gas  dissolves  again  in  the  water,  and  the 
liquid  ammonia  in  the  jacket  of  the  freezer  rapidly  evaporates. 
During  this  distillation,  the  temperature  of  the  freezer  falls,  and  the 
water  in  its  interior  chamber  is  solidified.  In  order  to  secure  better 
contact  between  the  water  cylinder  and  the  sides  of  the  freezer,  alcohol 
is  poured  in  between  them.  In  about  1 J  hour  a  compact  cylinder  of 
ice  is  obtained.  The  apparatus  represented  in  Fig.  100  gives  about 
4  lbs.  of  ice  per  hour  at  the  cost  of  one  farthing  per  pound.  Large 
continuously-working  forms  of  apparatus  which  produce  800  ll>s.  of 
ice  per  hour  have,  however,  been  built. 

196.  [Liquefaction  of  Gases. — The  liquefaction  of  a  gas  is 
favoured  both  ]>y  increase  of  pressure  and  diminution  of  temperature. 
Andrews'  experiments  on  carbon  dioxide  have  an  important  bearing 
in  this  connection  (see  Art.  240).  He  showed  that  no  amount  of 
pressure  would  li(|uefy  this  gas  if  the  temperature  were  above  31^  C, 
while  below  this  temperature  the  gas  would  condense  to  a  liquid  under 
a  pressure  which  was  never  greater  than  76  atmospheres,  and  was  less 
the  more  the  temperature  was  reduced.  For  every  gas  there  exists  a 
temperature,  called  its  critical  temperature^  below  which  it  must  l)e 
cooled  before  it  can  be  liquefied.  Many  gases  can  be  liquefied  by 
pressure  alone  at  ordinary  temperatures.  The  first  instance  of  this 
Chlorine,  was  ill  the  case  of  chlorine,  which  was  liquefied  by  Northraorc^  in 
180G.  Faraday'^  subsequently  liquefied  a  large  number  of  gases, 
using  a  l)ent  glass  tube   closed  at  ])Oth  ends,  one   limb  containing 

^  Xichthons  Journal,  vol.  xii.  p.  368. 
-  Phil.  Trans..  1823,  ]..  160. 
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oaterials  from  which  the  gas  was  disengaged  by  heat,  while  the  other 
imb — which  in  some  cases  was  cooled  by  a  freezing  mixture — served 
o  collect  the  liquid  which  condensed  under  the  pressure  of  its  own 
rapour.  In  this  way  carbon  dioxide  and  nitrous  oxide  were  liquefied.  Carbon 
)xygen,  hydrogen,  nitrogen,  and  a  few  compound  gases  resisted  this 
reatment. 

Oxygen  was  first  liquefied  by  Cailletet^  in  1877  by  compressing  Oxygen. 
t  to  about  300  atmospheres  in  a  strong  capillary  glass  tube  cooled  to 
-29°  C.  and  then  suddenly  relieving  the  pressure.  The  gas  was 
looled  to  the  point  of  condensation  by  the  resulting  expansion  and  a  . 
hick  mist  was  seen  to  form.  Oxygen,  nitrogen,  and  air  were  after- 
lards  liquefied  by  Wroblewski,  Olszewski,  and  Dewar  in  sufiicient 
quantities  to  study  their  properties,  the  gas  being  compressed  in  a 
ressel  cooled  by  liquid  ethylene  boiling  under  reduced  pressure. 

In    1884  Wroblewski  obtained  a  mist  of  liquefied  hydrogen  by  Hydrogen. 
!!!ailletet's   method,  cooling   the    tube   to  the  temperature  of   liquid 
>xygen    before   expansion.      In   1895   Olszewski   obtained   sufficient 
iquid  hydrogen  in  this  way  to  make  an  estimation  of  its  temperature. 

This  method  of  sudden  expansion  does  not  admit  of  the  continuous 
>roduction  of  liquid.  For  this  purpose  the  gas  must  be  cooled  below 
ts  critical  temperature  under  a  pressure  sufficient  for  liquefaction. 
Eydrogen  cannot,  however,  be  liquefied  in  this  way,  as  its  critical 
lemperature  is  -  234°*5*  C,  which  is  a  lower  temperature  than  can 
ye  produced  by  boiling  oxygen  under  reduced  pressure. 

Lord  Kayleigh  and  Kammerlingh  Onnes  have  suggested  inde- 
pendently that  it  might  be  possible  to  liquefy  hydrogen  by  allowing  it 
:o  do  work  by  expanding  in  a  heat-engine  driven  backwards  (see  Chap. 
VIII.).     The  mechanical  difficulties  would,  however,  be  very  great. 

There  is  another  method,  however,  which,  though  thermodynamic-  Cooling  by 
illy  far  less  efficient,  is,  owing  to  its  simplicity,  well  adapted  to  the  ^^^*^ 
purpose.  It  was  shown  by  Joule  and  Sir  William  Thomson  in  1852 
that  when  a  gas  expands  without  doing  external  work  it  is  slightly 
cooled,  except  in  the  case  of  hydrogen,  which  is  warmed.  This 
phenomenon  is  known  as  the  Joule-Kelvin  effect.  Hampson  in 
England  and  Linde  in  Germany  first  suggested  that  this  property 
might  be  made  use  of  for  the  liquefaction  of  air.  In  1900  Prof. 
Dewar  2  showed  that  hydrogen  when  at  a  sufficiently  low  temperature 
is  also  cooled  by  free  expansion.^     In  this   way  he  obtained   liquid 

*  CompUs  RenduSy  vol.  Ixxxv.  p.  815,  1878. 
'  Chemical  News,  March  1900. 

'  Tlie  temperature  of  inversion  of  the  Joule- Kelvin  effect  for  hydrogen  has  l)een 
rouml  by  Olszewski  to  be  -  80' '6  C.  (see  Art.  369). 
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hydrogen  in  quantity.     Air  can  be  liquefied  by  the  HampBon-Linde 
process  without  previous  cooling  below  normal  temperatures. 

The  essential  parts  of  the  improved  form  of  apparatus  used  k 
Dr.  Travcrs '  for  the  liquefaction  of  hydrogen  are  shown  in  Fig,  101. 
Hydrogen  is  generated  on  a  large  scale  Id 
the  usual  way  from  sulphuric  acid  and  aee. 
The  gas  is  compressed  by  a  pump  to  aboot 
150  atmospheres,  and  the  beat  derelopol 
during  compression  is  removed  by  p««iiig 
I  it  through  coils  immersed  in  wat«r.  Afia 
eing  purified  by  passing  through  a  vsUT' 
separating  cylinder  and  a  cylinder  GUw 
with  caustic  potash,  it  enters  the  hquefitf 
at  0,  its  temperature  being  that  of  ti( 
atmosphere.  The  tube  o  leads  to  the 
bottom  of  a  regenerator-coil  C,  whieh  cot 
sists  of  a  great  length  of  narrow  copp" 
tubing  coiled  in  layers  of  fiat  spirals.  Ai 
the  interstices  between  the  coils  are  fiU"^ 
with  n  descending  current  of  the  coolHi 
hydrogen  which  is  issuing  from  the  appu*' 
tus,  the  entering  gas,  as  it  paases  up  throo^ 
the  coil  C,  is  cooled  to  about  -  1 70°  C,  *wi 
at  this  temperature  it  enters  the  refrigeni- 
ing  coil  in  the  vessel  A,  which  is  kept  cob- 
tinually  replenished  with  liquid  air;  th« 
temperature  being  here  reduced  to  -190'C. 
The  hydrogen  then  passes  through  a  second 
refrigerating  coil  in  the  chamber  B,  wbicii 
is  closed  and  connected  with  an  exbsust 
pump  by  the  pipe  ;/ ;  Iii|uid  air  flows  continuously  from  A  to  B 
through  a  pin-hole  valve  controlled  by  the  lever  /,  and,  boiling  under 
a  picssure  of  100  mm.  of  mercury,  lowers  the  temperature  to  -  300°C. 
The  gas  now  passes  into  the  regenerator -coil  D ;  it  escapes  at  the 
valve  c,  exjMinding  suddenly  and  lowering  the  pressure  to  one  tliB> 
spbei-e,  and  passes  up  through  the  interstices  of  the  coil  D,  thw 
through  an  annular -space  surrounding  the  chambers  B  and  A,  w'' 
finally  flows  downwnnia  through  the  interstices  of  the  regeneratta^"" 
C,  cooling  the  entering  portion  as  already  mentioned,  and  issuiog  »' 
ji,  i-etiirns  to  the  compressor  at  a  temperature  only  two  or  three 
degrees  below  that  of  the  atmosphere. 

'    /'hi/.  M'ly..  A|iril  1901  :  Xntiire.  vol.  Ixvii.  p.  HZ,  1B03. 
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The  sudden  expansion  at  e  cools  the  gas  still  further  below  -  200°, 
1  as  it  passes  upward  it  lowers  the  temperature  of  the  next  portion 
uing  down  the  coil  D,  which  in  its  tiun  is  cooled  to  a  still  lower 
aperature  by  expansion,  and  exerts  a  stronger  cooling  effect  on  the 
fct  portion.  This  goes  on  till  finally  the  gas  partially  liquefies  in 
5  vacuum-vessel  a.  In  order  to  collect  the  liquid  another  vacuum- 
5sel  c  is  supported  below  a  within  the  vessel  dd.  The  latter  is  a 
188  cylinder  with  two  glass  windows  placed  opposite  each  other,  and 
lined  with  glass  cylinders  to  shield  the  receiver  c  from  external 
at ;  it  is  secured  to  the  upper  section  of  the  casing  by  nuts  and 
pews  /  which  compress  a  rubber  washer  between  the  flanges  of  the 
int.  The  vessel  dd  being  thus  rendered  gas-tight,  the  flow  of  liquid 
rdrogen  into  c  can  be  regulated  by  a  stopcock  (not  shown  in  the 
jure)  which  controls  the  pressure  in  dd.  The  flow  of  liquid  hydrogen 
ito  c  can  be  watched  through  the  windows.  At  first,  a  small  quantity 
I  white  solid  is  deposited  on  the  inside  of  a,  probably  consisting  of 
ir  and  arseniuretted  hydrogen,  but  the  gas  becomes  purer  after  cir- 
ilating  once  or  twice  through  the  apparatus.  The  hydrogen  is 
Itered  through  a  piece  of  baize  in  the  bottom  of  a  and  flows  out  in 
fairly  rapid  stream  into  c  as  a  clear  colourless  liquid.  To  withdraw 
the  gas-tight  stopper  r  in  the  bottom  of  dd  is  removed,  and  c  is 
>wered. 

^'^T  good  heat-insulation  is  necessary  for  the  success  of  this  ex- 
eriment.  A  and  B  are  kept  cool  by  the  cold  hydrogen  passing  up 
)oiid  them,  outside  which  are  two  vessels  packed  with  sheep's  wool. 
^  and  D  are  protected  by  the  vacuum-vessel  aa.  These  vacuum- 
essels  are  double-walled  glass  tubes,  the  annular  space  between  the 
^0  walls  being  highly  exhausted. 

The  valve  «  is  of  a  special  construction  to  prevent  clogging  with 
)lid  impurities.     It  is  regulated  by  turning  the  milled  head  A. 

Before  commencing  the  experiment  it  is  necessary  to  cool  the 

'generator-coil  D  to  the  temperature  of  liquid  air.     This  is  done  by 

losing  the  stopcock  p  and  putting  the  interior  of  the  apparatus  in 

>Qnection  with  the  exhaust  pump  by  opening  the  cock  n ;  liquid  air 

then  drawn  through  the  coils  till  they  are  suflSciently  cooled. 

The  temperature  of  liquid  hydrogen  is  about  -  252°'7  C.      By  Solid 
»u«ing  it  to  boil  under  reduced  pressiu'e  Professor  Dewar  succeeded  in  ">'^™J^*'"- 
^ng  it  to  a  foam-like  solid.     A  further  quantity  of  the  liquid 
^otained  in  a  tube,  and  immersed  in  the  boiling  hydrogen  was  frozen 
*  a  transparent  ice. 

The  only  substance  which  is  not  solidified  at  the  temperature  of  Helium. 
[Uid  hydrogen   is  helium.     This  gas  does  not  liquefy  even  when 
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cooled  to  about  10°  lower  by  surrounding  it  with  solid  hydn 
evaporating  under  reduced  pressure  and  suddenly  diminishing 
pressure  as  in  Cailletet's  experiments. 

The  following  table  gives  the  boiling  points  under  atmospfa 
pressure  and  critical  temperatures  of  a  number  of  substances : — 


Substance. 


Boiling  Point. 


Crft.  Temp. 


Hydrogen 

Neon     . 

Nitrogen 

Oxygen 

Air 

Carbon  monoxide 

Argon  . 

Kry])tou 

Xenon  . 

Carbon  dioxide 

Sulphur  dioxide 

Mercury 

Sul])hur 

Cadmium 

Zinc 


•   I 


-252** -7  0. 

-  284^-5  0. 

-  239" 

•  •  • 

-194" -4 

-ur 

-182' -2 

-IIS'-S 

-191'-4 

-140** 

-  19(r 

-189" -5 

-186'-1 

-117^*4 

-16r-7 

-   62"* -5 

-  109" -1 

+   14--75 

-    78' -3 

+  sr-so 

-    10^-0 

+  157"-0 

+  356" -7 

•  •  ■ 

444^-5 

•  •  • 

756 

916^ 

•  •  • 

Of  these  figures,  those  of  nitrogen,  air,  and  carbon  monoxide  are  ( 
to  Olszewski,  and  those  of  hydrogen,  oxygen,  and  the  inert  gases 
Ii<amsay  and  Travers.] 

Latkxt  Heat  of  Vaporisation 

197.  Early  Determinations. — The  latent  heat  of  vaporisation 
a  liquid  ordinarily  means  the  quantity  of  heat  necessary  to  con^ 
one  gramme  of  the  liquid  at  the  boiling  point  into  saturated  vapoui 
the  same  temperature  and  j)ressure. 

The  experimental  investigatioTi  of  latent  heats  commenced  v 
Black  and  culminated  in  the  work  of  Regnault.  The  method  i 
em])loyed  hy  Black  ^  was  both  primitive  and  interesting.  A  tin  vc 
containing  water  was  set  on  a  red-hot  iron  plate  placed  over  a  fire  i 
kept  at  a  steady  temperature.  The  rate  at  which  the  temperature 
the  water  rose  was  carefully  noted,  and  the  quantity  of  water  in 
vessel  being  known,  this  gave  the  quantity  of  heat  gained  l\v  it 
minute.  The  time  was  then  noted  from  the  instant  the  water  c( 
menced  to  boil  till  it  all  boiled  away.  This  gave  the  quantity 
heat  received  during  complete  vaporisation.  The  result  obtained 
this  rough  method  was  450,  that  is  the  quantity  of  heat  necess 
to  convert  a  pound  of  water  at  the  boiling  point  under  the  press 


^   Hla^k,  Lectures  on  Chemistry^  vol.  i.  p.  156. 
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the  atmosphere  into  saturated  vapour  at  the  same  temperature  and 
ssure  would  raise  the  temperature  of  450  pounds  of  water  1°  C. 

Some  time  afterwards  Irvine,^  at  the  invitation  of  Black,  employed 
:  method  of  condensation  in  a  calorimeter,  and  found  the  number 
0.  Afterwards  Watt,  also  at  the  request  of  Black,  investigated 
)  matter  much  more  carefully,  and  found  the  number  533  for  the 
ent  heat  of  steam.  This  number  is  tolerably  close  to  the  best 
ient  results,  those  of  Regnault  giving  5365.  The  apparatus  gener- 
y  employed  before  the  time  of  Regnault  was  similar  to  that  shown 

Fig.  102,  and  was  not  designed  to  give  the  accuracy  attained  by 
2ent  experimental  research.  The  liquid  was  boiled  in  a  retort  C 
mished  with  a  thermometer  which  registered  the  temperature.  The 
pour  distilled  over  and  condensed  in  a  spiral  tube  immersed  in  the 
Iter  of  a  calorimeter. 
•0  modes  of  procedure 
e  now  open  for  adop- 
>n.  The  spiral  may 
•en  into  a  vessel  situ- 
ed  outside  the  calori- 
eter  into  which  the 
ater  drips  as  it  is  con- 
snsed,  or  the  spiral  may 
inninat«  in  &  closed 
«eryoir  R  situated  in- 
de  tlie  calorimeter  where 
18  water  collects  and  i 
nwn  off  at  the  termina-  ^ 
ion  of  the  experiment.  *'*■ '"" 

Let  w  be  the  weight  of  liquid  arising  from  condensation,  s  its 
IWific,  and  L  its  latent  heat.  Let  6  be  the  temperature  of  the  vapour 
't  its  condensing  point,  fl,  the  initial,  and  6^  the  final  temperature  of 
"Calorimeter.  The  heat  given  out  by  the  condensation  of  the  weight 
^ of  the  liquid  will  be  mL,  and  if  the  liquid  thus  condensed  be  allowed 
oitip  away  from  the  extremity  of  the  condensing  tube  into  a  vessel 
itoMed  outside  the  calorimeter,  the  liqui<l  first  condensed  will  fall  to 
'p  it  the  spiral  be  long  enough,  and  that  condensed  at  the  end  of  the 
'iperiment  will  fall  to  $^,  so  that  the  whole  lifniid  conilcnsed  may  be 
•ken  to  have  fallen  to  the  mean  temperature  j(tfj  +  $^)  of  the  calori- 
meter during  the  experiment.     The  heat  given  out  hy  this  cooling 
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of  the  liquid  will  be  w^{6  -  ^(^^  +  O^)]-  Also  if  W  be  the  complete 
water  equivalent  of  the  calorimeter  and  water  contained,  the  heit 
gained  by  the  calorimeter  will  be  W(^2 "  ^i)»  ^^  that  if  R  be  the 
radiation  correction 

If  ^'  be  known,  this  equation  gives  L  directly,  but  if  s  be  not  knofiu 
another  experiment  in  which  6^  and  0^  *^®  different  \vill  give  us 
another  equation  containing  L  and  5,  and  by  means  of  these  two 
equations  both  L  and  .s  may  be  determined. 

It  is  better  to  collect  the  liquid  in  a  reservoir  attached  to  the  con- 
densing spiral,  and  situated  inside  the  calorimeter.  In  this  case  all  the 
liquid  condensed  attains  ultimately  the  final  temperature  of  the  calori- 
meter, so  that  the  e(|uation  becomes 

icL  +  ws(e  -  0^)  =  W(<?j  -<?,)  +  R. 

An  experiment  conducted  with  this  form  of  apparatus  is  subject  to 
many  sources  of  error,  for  the  vapour  in  passing  through  the  neck  of 
the  retort  leiuling  into  the  calorimeter  may  become  partially  condensed 
and  arrive  in  the  calorimeter  deprived  of  part  of  its  latent  heat.  This 
will  lead  to  too  small  a  value  in  the  determination  of  L,  and  mav  be 
partially  avoided  by  sloping  the  neck  of  the  retort  upwards,  so  that 
any  litjuid  condensed  in  the  neck  of  the  retort  may  run  back  again 
into  the  boiler.  Heat  also  passes  over  to  the  calorimeter  by  conduc- 
tion through  the  connecting  tube,  and  this  increases  the  value  of  L ; 
but  there  is  no  reason  why  the  diminution  arising  from  the  former 
error  should  be  exactly  counterbalanced  by  the  latter. 

Evidently  the  vapour  tube  should  be  so  arranged  that  any  vapour 
which  condenses  outside  the  calorimeter  should  remain  outside,  and  all 
that  condenses  inside  should  remain  inside.  Want  of  precaution  in 
the  former  respect  leads  to  too  low  a  value  of  L,  and  in  the  latter  too 
high.  It  is  probably  for  this  reason  that  Kumford  obtained  such  a 
high  fij^ure  as  571  for  water  vapour.  Despretz^  subsequently  found 
540,  and  Brix,'-  who  closely  discusses  the  sources  of  error,  obtained  the 
same  number. 

V\)  to  the  time  of  Kegnault's  work  on  the  latent  heat  of  water 

vapour  it  was  generally  admitted  that  the  total^  heat  of  water  vapour 

Watt's  law.  was  independent  of  the  pressure.     Watt  considered  it  estabh'sbed  by 

'  J////,  dc  Chimi>\  toiii.  xxiv.  p.  323,  1823. 

-  J'lxjih  ^Inn.,  vol.  Iv.  ]».  341. 

•'  The  expression  *'  total  heat "  is  an  abbreviation  for  the  quantity  of  heat  required 
to  convrrt  unit  weight  of  tlie  liijuid  at  the  freezing  point  into  saturated  vapourat 
any  otlier  temperature. 
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his  expteriments  that  the  quantity  of  heat  required  to  convert  a  given 
nuiss  of  water  at  zero  into  saturated  vapour  was  the  Bame  whatever 
the  pressure  of  the  vapour  might  be,  and  this  supposed  property  was 
known  as  Watt's  Law.  Later  esperimeuts  by  Clement  and  Desonnea  ' 
in  1819  appeared  to  confirm  it,  so  that  the  law  became  generally 
admitted  on   insufficient  evidence,  perhaps  because  it  was  very  con- 


venient in  many  calculations  concerning  the  steam-engine.  Several 
attempts  were  also  made  to  deduce  it  theoretically. 

Another  law,  namely,  that  the  latent  heat  of  vaporisation  was 
constant,  was  proposed  by  Creighton  and  Southern*  in  1S03.  Tliia 
was  known  aa  Southern's  Law. 

That  both  laws  are  incorrect  was  shown  subsequently  hy  Kcgnaiilt, 
as  will  appear  from  the  account  of  his  experiments  given  in  Art.  200. 
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198.  Berthelot*s  Apparatus. — M.  Berthelot^  has  shoivn  that  many 
of  the  errors  attending  the  early  method  of  experimenting  maj  be 
avoided  by  means  of  the  apparatus  shown  in  Fig.  103,  by  means  of 
which  the  latent  heat  of  a  vapour  may  be  rapidly  and  accurately 
determined  without  ha\ang  recourse  to  the  elaborate  apparatus  Jind 
precautions  employed  by  M.  Kegnault  In  M.  Berthelot's  apparatus 
the  flask  containing  the  liquid  under  examination  is  heated  by  a 
circular  gas-burner  /,  burning  under  a  metallic  disc  m.  The  centre  of 
the  flask  is  traversed  by  a  wide  tube  TT,  through  which  the  vapour 
descends  into  the  calorimeter,  where  it  condenses  in  the  spiral  SS  and 
collects  in  the  reservoir  K.  The  calorimeter  is  placed  inside  a 
water-jacket,  and  is  protected  from  the  radiation  of  the  burner 
by  a  slab  of  wood  covered  by  a  sljeet  of  wire  gauze.  By  means  of 
this  arrangement  partial  condensation  is  avoided  before  the  vapour 
enters  the  calorimeter,  and  the  error  arising  from  conductivity  is 
corrected  by  observation  of  the  motion  of  the  thermometer  placed  in 
the  calorimeter  before  the  distillation  commences  and  after  it  is  com- 
pleted. The  weight  of  liquid  condensed  is  about  20  to  30  gr.  at  most, 
and  the  time  occupied  is  only  from  2  to  4  minutes.  By  this  meam 
M.  Berthelot  found  for  the  latent  heat  of  water  the  value  536*2, 
whereas  the  elaborate  investigation  of  Regnault  gave  536*5.  The  close 
agreement  here  shows  the  value  of  the  apparatus  in  combining  speed 
with  accuracy,  and  it  consequently  may  be  used  to  determine  with 
sufficient  precision  the  latent  heats  of  rare  organic  liquids. 

199.  Method  of  Superheating. — The  greater  part  of  the  exact 
investigations  have  been  made  by  heating  the  vapour  above  its  con- 
'lensing  point  before  it  passes  into  the  calorimeter,  and  in  this  case  the 
specific  heat  of  the  vapour,  as  well  as  that  of  the  liquid,  appears  in  the 
o(]uation  which  determines  the  specific  heat.  Let,  as  before,  the  tem- 
perature of  condensation  of  the  vapoiu*  be  6,  while  the  initial  and 
final  temperatures  of  tlie  calorimeter  are  0^  and  O^-  Le^  ^b®  vapour 
entering  the  calorimeter  be  superheated  at  the  temperature  ff,  and 
let  the  specific  heat  of  the  vapour  be  o-.  The  quantity  of  heat  given 
out  hy  the  vapour  in  cooling  from  0'  to  its  point  of  condensation  $  is 
/'vr  (0'  -  0),  so  that  the  equation  for  L  becomes 

supposing  that  the  condensed  liquid  is  all  retained  in  the  calorimeter 
and  attains  the  final  temperature  ^^  Three  experiments  in  which 
the  temperatures  are  varied  give  us  three  equations  to  determine  L,  <r, 

^  Cionjffi's   Unvhfs.    torn.  Ixxxv.  p.   647  ;   and   Journal  dc  Physique^   torn.  vi. 
]..  337. 
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It  is  here  supposed  that  o-  is  constant.     This  is  not  the  case 
on-saturated  vapours,  and  for  the  range  here  employed  <t  repre- 
he  mean  specific  heat  of  the  vapour. 
L    Regnault's  Determination  of  the  Latent  Heat  of  Water 
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IP. — The  problem  which  liegnault  proposed  to  himself  was  the 
lination  of  the  total  heal  of  saturated  water  vapour  at  divers 
res — that  is,  the  estimation  of  the  quantity  of  lieat  necessary  to 
t  unit  weight  of  water  at  C  C.  into  saturated  vapour  at  any 


le  apparatus  by  n 


8  of  which  this  idveBtigation  was  conducted 
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is  shown  in  profile  in  Fig  104,  and  front  view  in  Fig  105.  The  vapour 
was  generated  in  a  strongly-made  boiler  (Fig.  1 04)  of  300  litres  capadtj, 
wiiich  contained  about  150  litres  of  pure  distilled  water.  The  vapour 
accumulated  in  the  upper  part  of  the  boiler,  and  there  entered  a 
serpentine  tube,  enclosed  >vithin  the  boiler,  the  open  end  of  whici 
projected  above  the  surface  of  the  water.  This  tube  carried  the  vapour 
from  the  lx)iler  to  the  calorimeter  K,  and  in  the  interval  between  the 
two,  the  tube  was  furnished  with  a  steam  jacket  T,  the  outside  of  which 
was  well  wrapped  in  non-conducting  woollen  stuff.  By  this  means  the 
vapour  entered  the  calorimeter  saturated,  but  quite  dry,  that  is,  free 
from  mist.  The  temperature  of  ebullition  was  indicated  by  thermo- 
meters passing  down  into  the  boiler.  At  high  pressures  the  reading  of 
the  thermometer  would  be  incorrect  owing  to  the  influence  of  the 
pressure  on  the  bulb,  and  for  this  reason  iron  tubulures  closed  at  the 
lower  end  were  let  into  the  boiler.  These  descended  into  the  interior, 
and  contained  mercury  in  which  the  thermometers  were  placed  free 
from  all  perturbations  arising  from  the  pressure  of  the  steam. 

Having  arrived  at  the  distributing  piece  R,  the  vapour  could  be  let 
into  either  of  two  exactly  simihir  calorimeters  K  and  K'  (Fig.  105)  or 
it  could  pass  on  into  the  condenser  £.  Immersed  in  each  calorimeter 
was  a  condensing  system  consisting  of  two  copper  spheres  and  a 
spiral  copper  tu])e,  as  shown  in  Fig.  105.  The  vapour  condensed  here 
(when  allowed  to  jmss  in),  and  the  water  resulting  was  drawn  off  in  a 
flask  and  weighed. 

The  amount  of  vapour  condensed  during  an  experiment  could  be 
thus  determined,  and  as  some  of  the  licjuid  adhered  to  the  walls  of  the 
spiral  and  copper  spheres,  it  was  assumed  that  this  adhesion  remaiued 
constant,  and  therefore  the  water  drawn  off  in  any  experiment  repre- 
sented the  amount  of  condensation. 

In  order  that  the  temperature  of  ebullition  might  be  varied  at 
pleasure,  a  large  air  drum  V,  immersed  in  a  bath  which  kept  its  tem- 
perature const;int,  was  connected  to  B,  and  thence  with  every  jwrt 
of  the  apparatus.  By  pumping  air  into  (or  out  of)  this  drum  the 
pressure  in  the  boiler  could  be  varied  at  pleasure.  This  pressiu^  was 
measured  by  an  open  aii*  matiometer  M. 

In  making  an  experiment  the  boiler  was  heated,  and  the  steam  was 
allowed  to  pass  through  the  connecting  tubes  ipto  the  condenser  for 
nearly  an  hour,  so  that  the  whole  apparatus  took  up  a  stationary  tem- 
perature, and  the  air  was  completely  chased  from  the  boiler.  A  pre- 
liminary experiment  was  made  by  noting  for  five  minutes  the  rate  of 
change  of  temperatuie  of  each  of  the  calorimeters.  The  water  when 
first  placed  in  the  calorimeter  was  below  the  temperature  of  the  air,  so 
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that  during  an  experiment  it  received  heat  by  radiation,  and  alao  by 
conduction  through  the  connecting  tubes.  An  observation  made  in 
the  eame  way  before  tJie  boiler  was  beat«d  gave  the  radiation  correc- 
tion, and  this,  combined  with  that  now  made  after  heating,  gives  the 


'^'iTsction  for  conduction.  In  correcting  for  radiation  it  was  found 
*viKciently  accurate  to  employ  Newton's  law  of  cooling,  viz.  that  the 
'Ve  of  change  of  temperature  due  to  radiation  is  equal  to  the  differ- 
*im  of  temperature  between  the  calorimeter  and  the  air  multiplied  by 
^  cooatant;  the  value  of  the  constant  was  found  in  this  case  to  lie 
Wreen  the  limita  0-001  and  0-003. 

2  C 
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The  two  calorimeters  were  now  filled  with  water  at  6^^  and  the 
vapour  was  allowed  to  pass  into  one  of  them  till  its  tempenture 
became  6^,  If  w  be  the  weight  of  water  condensed  in  this  operadco, 
and  W  the  water  equivalent  of  the  calorimeter,  then  the  approximate 
equation  for  L  is 

where  $  is  the  temperature  of  condensation  of  the  vapour — that  is,  the 
temperature  of  the  vapour  in  the  boiler,  and  s  the  mean  specific 
heat  of  water  between  6  and  6^,  It  is  to  be  noted  that  0^  is  not  the 
temperature  of  the  calorimeter  at  the  instant  the  steam  is  shut  off. 
During  the  process  of  condensation  the  temperature  of  the  water  in 
the  condensing  apparatus  is  above  that  of  the  calorimeter,  so  that  after 
the  steam  is  shut  off  the  temperature  of  the  calorimeter  continues  to 
rise  for  a  short  time  to  a  maximum  temperature  ^j'*  ^^  ^^  ^obs  or  gain 
of  heat  took  place  through  radiation  and  conduction  the  maximum 
temperature  would  be  ^^  +  ^86j  where  ^6  is  the  sum  of  the  eorrectioiw 
to  be  applied  for  all  perturbating  influences,  and  the  equation  for  L 

becomes 

wL  +  irs(0  -  0.2) = W(^j + xse  -  e^). 

A  similar  experiment  was  then  made  with  the  other  calorimeter. 
Thus  when  the  steam  was  shut  off  from  one  it  was  turned  into  the 
other,  so  that  while  one  was  subject  to  the  heating  arising  from  the 
condensation  of  the  vapour,  as  well  as  to  the  perturbations  of  radiation 
and  conduction,  the  other  was  subject  to  the  latter  influences  alone. 
Hence,  if  the  two  calorimeters  are  identical  in  all  respects,  the  ob»en> 
tions  made  on  the  variations  of  temperature  of  one  can  be  used  to 
determine  the  corrections  to  be  applied  to  the  other.  Perfect  identity 
could  not,  however,  be  realised,  so  that  it  became  necessary  to  consider 
the  corrections  to  be  applied  to  each  separately. 

During  an  experiment  each  calorimeter  was  subject  to  two  sources 
of  error, — one  due  to  conduction  through  the  connecting  tubes,  which 
may  be  taken  proportional  to  the  difl^erence  between  the  temperatures 
of  the  vapour  and  the  calorimeter,  the  other  due  to  radiation  and 
proportional  to  the  diflerence  of  temperature  of  the  atmosphere 
and  the  calorimeter.  Denoting  these  differences  by  A^  and  A^  the 
change  of  temperature  per  minute  of  the  calorimeter  due  to  these 
causes  will  be 

«^  =  A,Ai  +  AjAj (1) 

The  coefficients  A^  and  Ag  were  determined  by  first  allowing  the  vapour 
to  pass  through  the  distributing  piece  R  into  the  condenser,  so  that 
the  calorimeters  were  heated  by  conduction  and  radiation  only.  Ob- 
servations on  the  rate  of  change  of  temperature  gave  SO,  A^  and  ^  in 


AT.  200  EVAPORATION  AND  EBULLITION  387 

iquation  (1).  Another  equation  was  formed  between  Aj  and  A^ 
nth  different  coefficient,  by  allowing  the  vapour  to  pass  into  either 
alorimeter  for  some  time,  so  that  its  temperature  became  elevated, 
.nd  Aj  and  A^  became  \'  and  A^'.  The  steam  was  then  shut  out  from 
he  calorimeter  and  allowed  to  pass,  as  before,  into  the  condenser,  and 
observations  were  made  on  the  rate  of  cooling  or  heating  of  the  calon- 
aeter.     This  gave 

«r  =  A,A,'  +  A^' (2) 

liquations  (I)  and  (2)  determine  A^  and  A^,  and  these  being  known 
or  each  calorimeter,  the  total  correction  ^S$  to  the  temperature  of 
ither  calorimeter  during  an  experiment  can  be  easily  found. 
By  this  means  Regnault  determined  the  quantity  of  heat 

lecessary  to  convert  a  gramme  of  water  at  O^"  into  saturated 
apour  at  0^,  where  s  is  the  mean  specific  heat  of  water  between  O"" 
nd  $2^.  The  experiments  were  conducted  under  pressures  varying 
rom  0*22  to  13*625  atmospheres,  and  between  these  limits  Regnault 
ound  that  the  total  heat  of  steam,  or  the  heat  necessary  to  convert 
I  gramme  of  water  at  0°  into  steam  at  any  temperature  6,  was 
"epresented  by  the  formula 

Q  =  606-5  4- 0-305^. 

In  38  experiments  made  under  the  ordinary  atmospheric  pressure  Total  heat 
the  mean  value  of  the  total  heat  was  found  to  be  637*67,  the  extreme  ^^^^^^^-^ 
values  in  the  series  being  635*6  and  638*4. 

Taking  the  specific  heat  of  water  to  be  unity,  the  formula  for  the 
latent  heat  at  any  temperature  6  will  be,  according  to  Kegnault, 

L  =  Q-^^606*5-0*695^. 

These  results  overthrew  the  laws  of  Watt  and  Southern,  and 
settled  all  controversy  on  the  subject. 

When  the  variation  of  the  specific  heat  of  water  is  taken  into 
•wount  the  latent  heat  of  steam  falls  from  606*5  at  0'  C.  to  536*5 
«t  100^  C.  and  to  464*3  at  200°  C,  and  if  the  formula  for  L  is  quite 
^neral,  it  follows  that  the  latent  heat  of  water  vapour  will  become 
^ro  at  the  temperature 

^     606-5     „.^, 

^  this  consideration  stands  in  close  relation  to  what  is  known 
^  the  continuous  passage  from  the  liquid  to  the  gaseous  state  in 
tie  celebrated   experiments  of '  Cagniard   de  la  Tour  and   Andrews 
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(Art.    238).     The   critical   i)oint   for  water  however  appears  to  be 
365°  C. 

201.  [Grifflths*s  Experiments. — ^The  value  of  the  latent  heat  of 
evaporation  of  water  at  the  temperatures  30^  and  40**  C.  was  deter- 
mined by  Principal  Griffiths,^  using  the  calorimeter  described  in  Art 
172  (Fig.  84).     A  known  weight  of  water  was  put  in  a  glass  bulb 
with  a  narrow  jet,  this  was  placed  in  a  small  silver  flask  to  which  wis 
attached  a  coil  of  silver  tube   18  feet  long.     Between  the  flask  and 
the  coil  of  tube  was  the  spiral  of  platinum-silver  wire  which,  heated 
by  an  electric  current,  supplied  the  heat  necessary  to  vaporise  the 
water.     The  flask,  tube,  and  wire  were  all  enclosed  in  the  calorimeter, 
which   was   tilled  with   aniline  in  the  earlier  experiments,  but  later 
with    a   special    petroleum   oil    which    was    non-volatile   and  a  good 
insulator.      The    ciilorimeter,    being    surrounded   by    a    vacuum  and 
thermostat,  was  kept  at  a  constant  temperature,  never  varying  is 
much  as  0^01   C.     The  end  of  the  silver  tube  passed  outside  the 
apparatus  and   was  connected   with  an  air-pump.     On  working  the 
pump  the  water  was  made  to  issue  drop  by  drop  from  the  bulb,  so 
that  the  rate  of  evaporation  could  be  kept  quite  regular.     Thus  the 
vapour  formed  in  the  flask  had  to  pass  up  the  whole  length  of  the 
silver  spiral  tube  and  issued  at  the  temperature  of  the  calorimeter  and 
free  from  water  meclianically  carried  over.     As  in  the  experiments 
for  determining  the  mechanical  equivalent  of  heat,  the  liquid  in  the 
calorimeter    was  vigorously    stirred.     The  equation   for  determining 
the  latent  heat  of  evaporation  may  ))e  jmt  in  the  following  form  :— 

M    being    the    mass   of    water    evaporated,   Q<.   the   heat  per  second 
supplied  by  the  electric  current,  Q,  the  heat  generated  by  the  stirrer. 
tg  and   tg  the  times  during  which  heat  was  supplied  by  these  two 
sources  respectively  (/^  and  f^  being  practically  equal),  and  22j  the  totJ 
heat  received  o\Wng  to  other  causes  such  as  radiation  and  conduction. 
Although  C^^  was  necessarily  measured  in  electric  units,  it  was  reduced 
to  thermal  units  by  employing  the  value  of  J  determined  by  means  of 
the  same  ailorimeter  and  the  same  method  of  electric  measurement 
Thus  any  error  due  to  uncertainty  in  the  values  of  the  electric  unit? 
was  eliminated.     The  greatest  uncertainty  was  in  the  estimation  of 
Q„   but  this  constituted  only  about  1  per  cent  of  the  rate  of  he»^ 
supply.     The  following  are  the  values  of  L  obtained : — 

»  Phi/.  Trone.,  p.  261,  A.  1895. 
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Temp,  by  Nitrogen  Latent  Heat  I^atent  Heat 

Thermometer.  (15'  C.  unit).  (20'  C.  onit)t 


40"-15C.  572-60  573*15 

SO^'-OO  C.  578-70  579-25 


The  figures  in  the  lajst  column  are  calculated  from  the  value  of  the 
ratio  of  the  two  units  given  in  Art.  172. 

The  advantages  of  Principal  Griffiths's  method  over  most  of  the 
others  that  have  been  made  use  of  is  that  it  is  practically  independent 
of  errors  in  thermometry  and  is  not  affected  by  changes  in  the  specific 
heat  of  water.  The  temperature  being  stationary,  the  heat  capacity 
of  the  calorimeter  or  of  its  contents  does  not  enter  into  consideration, 
and  the  radiation  correction  is  very  small  and  determinate. 

Of  previods  measurements  of  the  latent  heat  of  evaporation  of  Dieterici's 
water,  one  of  the  most  reliable  is  that  which  was  carried  out  by  ®^P«"" 
Dieterici  ^  at  0  C.  His  method  resembles  Griffiths'  in  the  use  of 
a  constant  temperature  and  in  being  largely  independent  of  ther- 
mometry. He  used  a  Bunsen  calorimeter,  and  estimated  the  heat 
required  to  evaporate  a  known  mass  of  water  at  O*"  by  the  quantity 
of  mercury  expelled  from  the  calorimeter  during  the  formation  of  ice. 
He  gave  his  results  in  mean  calories,  assuming  that  the  mean  calorie 
corresponded  to  the  expulsion  of  15*44  mg.  of  mercury,  taking  the 
average  value  deduced  from  the  experiments  of  Bunsen,  Schuller  and 
Wartha,  and  Velten.  The  value  given  by  Dieterici  for  the  latent 
heat  is  596*73  calories  at  0°  C. 

Although  Griffiths's  experiments  were  not  sufficiently  extended  to  Variation 

justify  the  calculation  from  them  of  a  formula  for  the  relation  of  ^**^  *®™' 
,  perature. 

latent  heat  to  temperature,  yet  if  a  Iniear  relation  between  these 
quantities  be  assumed,^  the  result  shows  a  very  striking  agreement 
with  the  values  obtained  by  Regnault  at  1 00°  and  by  Dieterici  at  0°. 
The  linear  formula  suggested  by  Mr.  Griffiths  is 

L  =  596-73  -0-6010<?, 

Using  the  calorie  at  15°  C.  as  the  unit.  This  unit  is  very  nearly 
equal  to  the  mean  calorie  (see  Art.  172),  so  that  the  results  are 
directly  comparable.  At  the  higher  temperatures  Griffiths'  formula 
accords  better  with  Regnault's  results  than  Regnault's  own  formula, 

*    JVied.  Ann.  vol.  xxxviL,  1889. 

'  The  latent  heat  of  vaporisation  of  benzene  appears  to  be  a  linear  function  of 
the  temperature  (see  next  Article).  Probably,  however,  latent  heats  diminish  more 
rapidly  as  the  critical  temperature  is  approached. 
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while  the  experiments  at  low  temperatures  carried  out  by  Regnault 
appear  to  be  less  trustworthy  ;  objections  having  been  pointed  out  by 
Winkelmann,  the  chief  of  which  is  that  Regnault  in  this  series  of 
experiments  measured  the  temperature  of  the  evaporating  water  by 
the  vapour  pressure  in  the  condenser. 

202.  Latent  Heats  of  Vaporisation  by  Ck>mparison. — As  the 
accurate  measurement  of  latent  heats  of  vaporisation  is  tedious  and 
difficult,  it  is  more  convenient  to  determine  the  latent  heats  of  liquids 
other  than  water  by  comparison  with  water  or  other  standard  liquid. 
The  following  simple  method  has  been  employed  by  Professor  Ramsay 
and  Miss  Marshall  for  comparing  the  latent  heats  of  two  liquids  at 
their  boiling  points  under  atmospheric  pressure.^  Two  glass  vessels, 
somewhat  resembling  incandescent  electric  lamps,  were  filled  with  the 
liquids  to  be  compared.  Each  vessel  was  provided  with  a  platinum 
or  platinum-silver  wire  spiral  in  its  interior  with  thick  platinum 
terminals,  and  was  enclosed  within  another  vessel,  so  that  the  liquid 
could  be  surrounded  by  a  jacket  of  its  own  vapour.  When  each  vessel, 
containing  a  known  weight  of  liquid,  had  been  heated  just  to  the 
boiling  point,  a  known  electric  current  was  passed  through  the  two 
wires  in  series.  If  the  resistances  are  equal,  the  latent  heats  will  be 
inversely  proportional  to  the  amounts  evaporated  in  a  given  time, 
that  is,  to  the  respective  losses  in  weight  of  the  two  vessels.  In 
general,  the  latent  heat  is  proportional  to  the  resistance  divided  by 
the  amount  vaporised  in  a  given  time. 

Water  was  found  to  be  an  inconvenient  liquid  to  use  for  purposes 

of  comparison.     Its  latent  heat  of  vaporisation  is  very  large,  and  its 

«ntbeat  insulating  properties  are  insufficient  when  bare  wires  are  used.      Conse- 

i  of    ^    quently,  a  careful  determination  of  the  latent  heat  for  benzene  was 

zeue.       made  by  Mr.  Griffiths  and  Miss  Marshall,-  using  the  same  method 

and   instrument  as  had   been  employed  by   Mr.   Griffiths  for  water, 

as  described  in   the    preceding  article.       The  following  values   were 

obtained  :  — 


T-"M^'^^-«- ^»^)-  !l?!^riS^oH:;ari?^). 


50  :  99-14 

40  '  10071 

30  ;  102-30 

20  '  103-82 


^   Phil,  yf'iff..  Jan.  lS9tj  ;  .Fan.  1.S97  (see  also  footnote,  p.  32SK 

-  Ihid. 
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These  figures  correspond  closely  with  the  linear  formula — 

U  =  107-05 -0-158^. 

Assuming  this  formula  to  hold  up  to  80'' 2,  the  boiling  point  of 
benzene  at  atmospheric  pressure,  we  get  as  the  latent  heat  of  vaporisa- 
tion of  benzene  at  its  boiling  point 

L= 94*34. 

expressed  in  thermal  units  at  15"*  C.  This  does  not  differ  very  much 
from  the  direct  determinations  of  R.  Schiff^  (93*4)  and  K,  Wirtz* 
(92-9).] 

Andrews  '  investigated  latent  heats  for  the  purpose  of  ascertaining 
whether  any  relation  existed  between  the  latent  heats  and  the  physical 
properties  of  vapours,  but  he  failed  to  deduce  any  fixed  law.  In  this 
inquiry  he  was  preceded  by  Ure,  Despretz,  Brix,  and  Favre  and 
Silbermann.  It  has  since  been  suggested  that  for  different  liquids  *  Trouton's 
the  latent  heat  multiplied  by  the  molecular  weight  is  approximately 
proportional  to  the  absolute  temperature.  In  other  words,  the 
molecular  latent  heat  is  proportional  to  the  absolute  temperature. 
Thus  for  water  at  100°  C,  L  =  536'6,  the  molecular  weight  /i4=18, 
and  T  =  373. 

7p"  —  *0*9' 

For  internal  and  extenml  latent  heats,  see  Cliap.  VIII.  Sec.  v. 
[A  table  of  values  of  latent  heats  as  given  by  Sir  W.  liamsay  and 
Miss  Marshall  is  added. 


i 

1     \ja,U*\\i 

Boiling 

/iaL 

Heat. 
Benzene i       94*4 

Point. 
80^^-2  0. 

"f ' 

20-9 

.  Toluene 

.   '       86-8 

110= -8 

20-8 

1  Water  . 

536-6 

100° 

25-9 

Alcohol 

•216-5 

78- -2 

28-4 

'Acetic  acid  . 

97  0 

118^-5 

14-9 

Methyl  fonimte 

110-1 

3r-8 

21-7 

1  Ethyl  formate 

94-4 

54° -3 

21-4 

Methyl  acetate 

97-0 

57^^-1 

21-8 

Propyl  formate 

90-2 

80' -9 

22-4 

1  Ethyl  acetate 

88-1 

77-15 

22-2 

Methyl  alcohol 

261-6 

64-7 

24-8 

Formic  acid . 

1-20-4 

lOo  -6 

14-8     , 

.  Chloroform  . 

r»8-4 

61-5 

20-8 

Aniline 

113-9 

184 

23-2 

*  Liehi/f's  Annnlcn,  vol.  ccxxxiv.  p.  338,  1886. 

2   JFied.  Anu..  vol.  xl.  ]..  438,  1890. 

*  Andrews,  Quarterly  Journal  Ghent.  Soc.  of  London,  vol.  i.  p.  27 

*  F.  T.  Trontoii,  PhiK  Mag.,  vol.  xviii.  p.  54,  1884. 
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In  some  of  these,  a  slight  correction  is  necessary,  owing  to  evapor- 
ation during  the  heating  of  the  liquids  to  the  boiling  point,  but  it 
would  probably  be  not  much  greater  than  the  errors  of  experiment] 

208.  Specific  Heats  of  Non-Saturated  Vapours. — If  the  yapour 
be  superheated  before  entering  the  calorimeter,  then,  as  we  have 
already  seen,  the  equation  for  L  embraces  the  specific  heats  of  the 
substance  in  both  the  liquid  and  gaseous  states;  so  that  by' three 
experiments  both  these  quantities  as  well  as  L  may  be  determined. 
In  this  manner  Kegnault^  found  that  the  specific  heat  of  super- 
heated water  vapour  under  constant  pressure  was  constant  within 
the  limits  of  temperature  employed  in  his  experiments.  The  results 
of  four  series  of  experiments  gave  for  steam  0*46881,  0'48111, 
0-48080,  0-47963. 

Kegnault  ^  extended  his  researches  to  several  other  liquids.  The 
yapour  was  superheated  by  passing  through  a  spiral  contained  in  an 
oil  bath  at  a  temperature  higher  than  the  temperature  of  boiling. 
The  heat  necessary  to  raise  the  liquid  to  its  boiling  point  was 
accurately  determined,  and  these  experiments  gave  both  the  latent 
heat  and  the  specific  heat  of  the  vapour.  The  latter  is  very  small 
compared  with  the  forme;*,  so  that  the  specific  heat  of  a  vapour  deter- 
mined in  this  manner  is  subject  to  all  the  errors  of  a  complicated 
experiment.  The  principal  results  obtained  by  Kegnault  are  given  in 
the  following  table  : — 

^  Regiiault  einj)loye(i  anotlier  method  for  dett-nniiiing  the  latent  beats  of  vapours 
at  low  temperatures.  A  known  weight  of  the  liquid  wa8  placed  in  a  reservoir  con- 
tained in  the  calorimeter  at  a  temperature  ^j  ,  and  boiling  was  caused  by  reducing 
the  pressure  in  the  reservoir  by  me^ns  of  an  air  pump.  The  vapour  condensed  in  a 
i-etort  immersed  in  a  freezing  mixture  of  ice  and  sea  salt.  The  pressure  of  the  vajwur 
coming  from  the  litpiid  is  always  somewhat  greater  than  that  of  the  artificial  atmo- 
sphere registered  by  the  manometer.  The  liquid  all  boiled  away,  and  the  temperature 
of  the  calorimeter  fell  to  0,^.  If  -5^  denote  the  correction  of  ^.^  for  losses  of  heat 
during  the  ex|)eriment,  then  the  heat  lost  by  the  tralorimeter  during  the  vaporisation 
of  tlie  liquid  is 

If,  on  the  other  hand,  the  temperature  of  ebullition  of  the  liquid  be  0,  the  heat 
gained  by  the  liquid  is 

and  we  have  the  equation 

hv  +  w<j[\{e^  +  6.^)  -  0]  ^  sw{0^  -0)  +  W(^j  -  0.^  +  7:50). 

An  uncertainty  occurs  in  the  value  of  0  arising  from  the  reading  of  the  pressure  of 
the  manometer. 

By  the  above  method  exj)eriments  were  made  at  pressures  varying  between  13 '6 
mm.  and  3*9  ram. 

'^  JiechtTchcs,  etc.,  torn.  ii.  p.  163. 
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Specific  heats  of   superheated   vapours  under  constant   pressure 
<Regnault) — 


Ether        . 

0-47966 

Clilorofomi 

0-15666 

Alcohol 

0*45341 

Acetic  ether 

0-40082 

Bisulphide  of  carbon 

0  15696 

Acetone    . 

0-41246 

Benzene    . 

0-8754 

Dutch  liquid    . 

0-22931 

Wood  spirit 

0-45802 

Ethyl  chloride  . 

0-27376 

Essenoe  of  turpentine 

0-5061 

,,     bisulphide 

0-40081 

The  variation  of  specific  heat  with  temperature  is  shown  by  the 
following  table  after  R  Wiedemann  :  ^ — 


Vapour. 


Chloroform 
Ethyl  bromide 
Benzene    . 
Acetone 
Acetic  ether 
Ether 


Range  of  Tempera  tun*. 

26-9  to  189'*-8 
27-9  to  189°-5  ^ 
34-1  to  179"-5 
26-2  to  179" -3 
32-9  to  188' -8 
25-4  to  188^-8 


Specific  Ueat. 


0-1341+0-0001354  e 
01354  +  0-003560  0 
0-2237  +  00010228^ 
0-2984  +  0-0007738^ 
0-2738  +  0-0008700^ 
0-3725  +  0-0008536  0 


The  specific  heat  of  carbon  dioxide  is  known  to  vary  considerably 
near  the  condensing  point,  and  it  is  highly  probable  that  all  other 
vapours  vary  in  a  similar  manner  in  this  respect. 

Eilhard  Wiedemann  has  proposed  a  method  for  determining  the 
specific  heats  of  vapours  under  constant  pressure,  which  applies  to 
liquids  that  boil  between  0°  and  lOO"".  Boiling  is  caused  at  a  low 
temperature  by  partial  exhaustion — that  is,  reduction  of  pressure  by 
an  air  pump.  The  vapour  is  then  heated  in  a  bath  and  allowed  to 
pass  through  a  calorimeter  at  a  temperature  of  from  20°  to  30°  C, 
which  is  above  the  condensing  point  of  the  vapour.  All  the  heat 
yielded  to  the  calorimeter  is  due  to  the  cooling  of  the  vapour.  An 
experiment  lasts  five  or  six  minutes,  and  the  results  obtained  agree 
with  those  of  Eegnault.  They  indicate  that  the  specific  heats  of 
vapours  increase  notably  as  the  temperature  rises. 


'  Eilhard  Wiedemann,  Ann.,  Ban«l  ii.  p.  195,  1877. 
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204.  Vapour  Pressure. — When  a  bubble  of  air  is  allowed  to  pass 
into  the  vacuum  of  a  barometer  tube  a  depression  of  the  mercurial 
column  is  produced,  which  increases  with  the  quantity  of  air  intro- 
duced. A  similar  depression  is  produced  by  the  vapour  of  a  liquid, 
and  it  was  in  this  manner  that  Dalton  ^  first  studied  the  pressures  of 
saturated  vapours.  Small  quantities  of  any  volatile  liquid  may  be 
conveniently  introduced  into  a  barometer  by  means  of  a  curved 
pipette.  If  a  very  small  globule  of  a  liquid  is  allowed  to  ascend  to 
the  top  of  the  mercurial  column  it  will  pass  into  vapour  very  rapidly, 
filling  the  space  above  the  mercury,  and  producing  a  corresponding 
depression  of  the  column.  Another  small  globule  will  also  evaporate 
and  produce  a  further  depression,  and  so  on.  A  point  is  reached, 
however,  at  which  further  evaporation  ceases,  and  the  introduction  of 
more  liquid  is  not  attended  by  an  increase  of  vapour  pressure  in  the 
space  above  the  mercury,  the  temperature  being  supposed  constant. 
If  more  liquid  is  introduced  it  merely  floats  on  the  top  of  the  mercury 
(Fig.  106).  Further  evaporation  ceases.  Thus  at  a  given  temperature 
a  definite  quantity  of  a  liquid  will  evaporate  in  a  given  space,  and  the 
pressure  it  exerts  in  this  spa'ce  is  a  function  of  the  temperature  only 
If  the  space  be  increased,  more  liquid,  if  present,  will  evaporate,  and 
if  the  space  be  reduced  some  of  the  vapour  will  condense.  In  this 
case  the  vapour  (or  space)  is  said  to  be  saturated,  and  the  correspond- 
ing pressure  is  the  maximum  vapour  pressure  for  this  temperature. 

The  behaviour  of  a  vapour  may  he  studied  by  depressing  or  raising 
the  barometer  tube  in  the  cistern  (Fig.  107).  When  the  vapour  is 
saturated  the  depression  of  the  tube  in  the  cistern  merely  reduces 
the  space  above  the  mercurial  column.  Some  of  the  vapour  condenses, 
and  the  height  of  the  mercurial  column  remains  fixed.  The  vapour 
pressure  remains  constant,  and  the  glass  tube  slides  over  the  column 

^  Daltou.  Memoir  of  the  Matichestcr  Soc.,  vol.  xv.  p.  409. 
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of  mercury  as  if  it  were  a  solid  bar  of  metal.  If,  however,  the  vapour 
is  not  saturated  it  behaves  very  Dearly  as  a  gas.  Elevation  of  the 
tube  increases  the  height  of  the  column — that  is,  decreases  the  pressure 
of  the  vapour,  and  depression  of  the  tube  in  the  cistern  increases  the 
vapour  pressure  and  decreases  the  height  of  the  mercurial  column.  A 
non-saturated  vapour  nearly  obeys  Boyle's  law. 

The  pressure  of  a  saturated  vapour  depends  on  the  temperature, 
and  also  on  the  nature  of  the  liquid.     Thus  at  20'  C.  the  depression  of 


HI 


*  barometer  column  by  saturated  water  vapour  is  about  17  mm.,  by 
alcohol  60  mm.,  and  by  ether  460  mm. 

If  the  temperature  is  kept  constant  a  slight  increase  of  pressure 
will  produce  complete  condensation  of  a  saturated  vapour.  If  the 
temperature  is  lowered  condensation  occurs  also,  and  continues  till  the 
lapour  pressui-e  reaches  the  maximum  value  corresponding  to  the  new- 
temperature.  It  is  not  necessary,  however,  to  cool  the  whole  space 
occupied  by  a  saturated  vapour  in 
order  to  produce  condensation.  The 
cooling  of  any  part  of  it  will  suffice. 
Thus,  if  one  bulb  A  of  a  bent  tube 
AB  (Fig.  108)  contains  a  liquid, 
the  remainder  of  the  tube  will  bi; 
filled  with  saturated  vapour.  If 
notr  B  is    cooled    by  being    placed 

'Q  a  cold  bath,  or  otherwise,  the  vapour  in  B  will  condense.  The 
Vapour  pressure  in  B  will  be  less  than  that  in  A,  and  as  u  consequence 
*  current  of  vapour  will  flow  from  A  to  B.  This  state  of  things 
will  continue  as  long  as  B  is  colder  than  A.  The  liquid  will  gradu- 
ally distil  into  the  colder  piirt  of  the  apparatus.  The  flow  of  vapour 
'^  accompanied  by  a  flow  of  heat  tending  to  equalise  the  temperatures. 
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The  evaporation  in  A  is  accompanied  by  absorption  of  heat,  mi 
evolntion  of  the  same  takes  place  in  B.  The  apparatus  illustrstei  the 
action  of  a  heat  engine.  The  current  of  vapour  flowing  from  A  to  B 
might  be  employed  to  do  mechanical  work  (as  a  mill  is  turned  \>j  ■ 
current  of  water),  while  heat  passes  from  a  body  A  to  another  B  it 
a  lower  temperature. 

206.  Determination  of  Haxlmum  Vapour  Pressures.— ^The  fint 
fairly  accurate  measurements  of  the  pressure  of  saturated  vapoun  (or 
maximum  vapour  tensions,  as  it  is  genenlly 
termed)  were  made  by  Dalton,'  Previonslj 
the  matter  had  been  investigated  by  Zi^er,- 
Watt,*  Bitancourt,*  Southern,*  and  Schmidt,' 
in  a  more  or  less  unsatisfactory  manner. 

The  apparatus  employed  by  Dalton  is 
shown  in  Fig.  109.  Two  similar  barometer 
tubes  (I  and  b  were  attached  to  a  scale  which 
enabled  the  height  of  the  mercury  to  be  read 
off.  Both  stood  in  the  same  cistern  of  merciuy, 
and  were  surrounded  by  a  batli  which  cOuld  be 
heated  from  below,  and  the  temperature  wu 
noted  by  means  of  three  thermometers  faeA 
along  the  scale,  the  mean  of  which  was  taken 
to  represent  the  temperature  of  the  bath,  X 
little  liquid  was  introduced  into  one  of  the  tubes 
{a),  and  the  depression  of  the  mercurial  column 
noted,  together  with  the  temperature  of  the 
Ijath.  Tty  varying  the  temperature  the  pressure 
of  the  saturated  vapour  was  found  for  all 
tempei-atui-es  within  the  range  of  the  apparatus. 
As  in  this  form  of  ap])aratue  the  temperature 

""■ of    the    mercury  is    different    in    different  ei- 

periments,  it  is  necessary  to  reduce  the  observed  depression  to  that 
which  it  would  have  been  if  the  mercury  were  at  zero — that  is,  the 
difference  of  height  li  must  be  divided  by  (1  +m6),  where  m  ie  the 
coefficient  of  expansion  of  mercury.  With  water  vapour  the  pressure 
is  equal  to  1  atmo.  at  100'  C,  and,  consequently,  this  form  of  apparatus 
can  l)e  used  only  for  temperatures  below  100'  C.     At  this  temperature 

'  DiiltOD,  Memoir  of  the  Maaelieitler  Hoc.,  vol.  xv.  408. 

■'  Zirgler,  Spedmeii  physico-ddmicuia  de  diitatore  Fapini,  p.  *8,  Banl,  1759- 

'  Watt,  Jlobitonn  Stpttm  o/ifcrk.  J'hil.,  vol.  ii.  Ji.  29,  Brewster's  tidition,  181J' 

*  Betancourt,  MiHuiirr  sur  laforfe  rayanaiw  rf«  'o  vapriir,  raris,  1792. 
'  Southern.  lUibiaon's  Mr^h.  nil.,  vol.  ii.  p.  170. 

•  Siilimiiit.  JouriuO  ile  nysu/iit  de  (lrr»,  torn.  i».  p.  151.  _ 
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mercury  in  the  tube  which  contains  the  vapour  will  stand  at  the 
«rii  level. 

The  chief  objection  to  these  early  experiments  was  the  want  of 
caution  in  securing  uniformity  of  temperature  in  the  bath.     The 

of  several  thermometers  placed  along  the  scale  does  not  avoid  this 

rce  of  error.     The  vapour  will  be  practically  at  the  temperature  of 

t  part  of  the  bath  which  surrounds  it,  and  the  mercury  in  a  similar 

Y  will  assume  the  temperature  of  that  part  of  the  bath  around 

For   accuracy   the   bath   should  be  maintained    throughout   at 

same  temperature,  or  else  some  scheme  should  be  devised  by 
ich  the  temperature  of  the  vapour  could  be  accurately  known,  and 
>  that  of  the  mercury.  The  pressure  determined  here  is  really  the 
ximum  pressure  of  the  vapour  in  the  coldest  part  of  the  tube. 

The  difference  of  height  of  the  mercurial  columns  should  also  be 
asured  for  accuracy  by  means  of  a  cathetometer ;  and  for  this 
*po8e  the  use  of  a  cylindrical  glass  vessel  to  contain  the  bath  is  ob- 
bionable  as  errors  due  to  refraction  are  introduced.  A  bath  chamber 
.h  a  plane  glass  front  is  much  superior. 

Accurate  determinations  in  which  these  sources  of  error  were 
>ided  were  first  made  by  Kaemtz.^  He  merely  exposed  the  tubes 
the  atmosphere,  and  noted  the  depressions  through  summer  and 
iter,  the  temperature  ranging  between  -  19"*  and  -f  26°  C.  These 
nervations  were  made*  for  meteorological  purposes ;  but  a  much 
ler  range  is  necessary  in  physical  investigations.  The  *gap  thus 
',  was  filled  up  by  Regnault. 

A  general  law  connecting  the  vapour  pressures  of  different  substances 
B  announced  by  Dal  ton  in  1801,  to  the  effect  that  the  pressures 

the  saturated  vapours  of  all  liquids  were  equal  at  temperatures 
lally  removed  from  their  boiling  points.  This  law  is,  however,  not 
ir  the  truth.  Water  boils  at  100°  C,  and  ether  under  the  same 
assure  at  35°  C,  the  pressure  of  water  vapour  at  80°  C.  (that  is 
"*  below  the  boiling  point)  is  355  mm.,  while  that  of  ether  at 
^  C.  is  354  mm.     These  numbers  agree  excellently.     In  fact  it  was 

the  comparison  of  water  and  ether  that  Dalton  deduced  his  rule, 
the  case  of  alcohol,  however,  the  boiling  point  is  78°  C,  and  the 
[)0ur  pressure  at  58°  C.  is  only  330  mm.  This  is  considerably  too 
f  according  to  Dalton's  rule.  Similar  deviations  occur  with  other 
Dstances. 

Diihring*s  rule  agrees  much  better  with  experiment.     It  is  merely  a 
dification  of  Dalton's  law  >vith  a  factor  introduced  depending  on  the 
ture  of  the  substance.     In  it  as  we  pass  from  temperatures  of  equal 
*  Kaemtz,  TraiU  de  Metiorologic^  torn.  i.  p.  290. 
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vapour  preaaure  for  two  eubatancea  to  two  other  temperatures  of  eqal 
pressure,  the  differences  of  temperature  are  not  taken  equal,  but  pro 
[mrtional,  the  constant  of  proportionality  depending  on  the  natun  of 
the  substance. 

206.  Vapour  Pressures  at  Low  Temperatures. — The  determint- 
tion  of  vapour  preseurea  at  temperatures  below  0°  C.  was  condncUd 

by   Gay-Luesac'    with    a    modified    form  of 

Dalton's  apparatus.     The  vapour  tube  was  aa 

I  '  i>4ii  "^  I  ordinary  barometer  tube  CD  having  ita  u;^ 
>  ill  lOSI  end  bent  round  (Fig.  110),  and  termioatitig in 
a  pendent  bulb  E  which  could  be  convenientlf 
immersed  in  a  freezing  mixture.  This  miztore 
should  be  fluid,  so  that  it  could  be  constsntlT 
stirred  during  an  experiment.  The  liquid 
under  examination  wns  contained  in  the  bolti^ 
so  that  its  temperature  as  well  as  that  of  iti 
vapour  was  the  same  as  that  of  the  freenng 
mixture,  if  the  temperature  of  the  latter  is  kept 
steady  for  a  sufficient  time.  Now  the  vapour 
preesuro  in  the  whole  apparatus  is  the  maximum 
pressure  corresponding  to  the  temperature  of 
the  coldest  part — that  ia,  the  temperature  of  the 
freezing  mixture.  Hence  the  depression  of  the 
mercurial  column  givta  tlie  maximum  pressure 
of  the  vajMtur  at  the  temperature  of  the  freeiirg 
mixture. 

Kegnault,  who  also  employed  this  method, 
took  the  precinition  of  using  a  freezing  mixture 
•■■'i!-  I'"-  of  chloride  of  calcium  and  snow,  which  ia  » 

liquid,  and  can  l>e  constantly  stirred  and  kept  at  a  uniform  temperature 

throughout. 

207.  Vapour  Pressures  at  High  Temperatures, — The  detennins- 
tion  of  the  pressui'c  of  the  saturated  water  va]K>ur  at  temperature! 
above  100^  C.  was  undertaken  by  a  commission  of  the  Paris  Academj 
of  Sciences  in  1820  under  the  direction  of  Dulong  and  Araga*  Hieir 
experiments  ranged  from  100"  to  224°  C  corresponding  to  preseorM 
varying  from  1  to  24  atmospheres.  The  principle  of  the  method 
consisted  in  heating  a  liquid  in  a  closed  Iwiler,  and  observing  the 
temperature  and  corresponding  pressure  of  the  vapour.  The  iiqu" 
was  first  boiled  for  some  time  to  expel  all  the  air  from  the  boiler, 
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hich  was  then  closed  and  connected  with  a  compressed  air  manometer. 
iThen  the  liquid  was  heated  the  pressure  and  the  temperature  rose 
>gether.  An  observation  was  made  by  arresting  the  supply  of  heat 
id  noting  the  maximum  temperature  attained,  together  with  the 
>rre8ponding  pressure.  The  temperature  was  registered  by  ther- 
tometers  placed  in  iron  tubulures  protruding  into  the  interior  of 
le  boiler. 

These  experiments  were  not  sufficiently  numerous  to  furnish 
{liable  results,  and  the  apparatus  suffered  from  many  defects.  The 
quid  never  really  entered  into  ebullition,  so  that  the  temperature 
ndd  not  be  kept  constant  during  an  observation.  The  necessity  for 
3w  determinations  was  soon  felt^  and  the  task  was  undertaken  by 
le  committee  of  the  Franklin  Institute  of  Pennsylvania^  in  1830. 
heir  apparatus,  however,  was  little  better  than  that  of  Dulong  and 
rago,  and  their  two  series  of  observations  agreed  neither  with  each 
^her  nor  with  those  of  their  predecessors. 

The  subject  was  consequently  taken  up  nearly  simultaneously  by 
[agnus^  and  Regnault^  in  1843.  The  experiments  of  Magnus  were 
ee  from  the  objections  to  which  the  earlier  investigations  were  open, 
it  they  were  not  extended  to  temperatures  above  115°  C.  The 
}uid  was  enclosed  in  the  shorter  arm  of  a  siphon  barometer  which 
as  immersed  in  a  bath,  the  temperature  of  which  could  be  kept 
instant  and  was  determined  by  means  of  an  air  thermometer.  The 
yen  branch  of  the  barometer  tube  was  connected  with  a  free  air 
anometer,  and  also  with  an  air  pump,  by  means  of  which  the  pressure 
luld  be  varied  at  pleasure.  The  results  of  these  experiments  agree 
markably  well  with  those  of  M.  Eegnault,  whose  researches  were  of 
much  more  exhaustive  character,  extending  from  pressures  of  about 
mm.  to  over  30  atmospheres. 

Regnault's  Experiments 

208.  Experiments  between  0°  and  50°  C.  —  Nearly  all  the 
(terminations  of  vapour  pressures  at  low  temperatures  have  been 
ade  by  observation  of  the  depression  produced  by  the  vapour  in  a 
xometer  tube.  The  chief  source  of  uncertainty  in  the  method  is 
e  difficulty  of  knowing  the  exact  temperature  of  the  vapour.  In 
ilton's  apparatus  the  bath  extended  over  the  whole  length  of  the 
Tometer  tube,  and  in  such  a  tidl  bath,  heated  from  below,  Kegnault 

*  See  Enci/.  Brit.,  vol.  xx. 

^  Oustav  Magnus,  Poyg.  Jnn.j  vol.  Ixi,  p.  225,  1844. 

^  Rcgnault,  RehUwn  dcs  Exp^ricnccH^  torn.  i.  p.  467. 
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found  that  the  liquid  r&pidly  Bcttled  into  layers  at  different  temp«>- 
tures  as  soon  as  stirring  was  stopjied.  Besides,  in  the  app&ntu 
employed  by  Dalton  it  was  imposeible  to  stir'  the  bath  without  caosuig 
the  mercury  to  oscillate  in  the  tubvs.  The  method  in  fact  would 
only  be  fairly  accurate  for  temperatures  approximately  the  suneu 
that  of  the  atmosphere. 

For  this  reason  Eegnault  adopted  a  modified  form  of  Daltoo't 


appanitus  (Fig.  Ill)  in  his  experiments  at  temperatures  below  50°  C. 
The  bath  was  considembly  shortened,  but  of  considerable  capacity  H^ 
litres),  BO  that  it  could  be  constantly  stirred  (by  H)  and  kept  ■*  * 
uniform  tcmpeiuture  throughout.  The  bath-chamber  was  fumisheo 
with  a  plane  glass  window  through  which  the  difference  of  level  of  tne 
mercury  in  the  tubes  a  and  b  could  be  read  by  means  of  a  catbeto- 
meter.  In  order  to  ascertain  if  any  error  in  the  reading  of  this 
difTereuce  of  le^el  was  caused  by  refraction  through  the  glass  Ui" 
liquid,  a  line  mark  was  traced  on  the  barometer  tube  near  the  if^ 
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ie  mercury,  and  a  centimetre  scale  was  marked  on  the  vapour 
.  The  difference  of  level  between  the  mark  on  the  barometer 
each  division  of  the  centimetre  scale  on  the  vapour  tube  was 
determined  by  means  of  a  cathetometer — first  in  air,  and  then 
a  the  chamber  was  filled  with  water.  An  absolute  deviation  due 
refraction  was  found,  which  sometimes  amounted  to  half  a 
[metre,  but  the  relative  deviation — that  is,  the  observed  difference 
Dvel  between  any  two  points,  one  marked  on  each  tube  —  was 
^ly  appreciable.  In  no  case  did  it  amount  to  so  much  as 
mm. 

Aji  error  in  the  difference  of  level  of  the  mercurial  columns,  due 
ipillarity,  had  also  to  be  taken  into  account.  The  surface  tension 
le  barometer  tube  differs  from  that  in  the 
)ur  tube  where  the  mercury  is  in  contact 
t  a  liquid  or  the  vapour  of  a  liquid.  To 
rmine  the  amount  of  this  error  two  baro- 
jr  tubes  A  and  A'  were  connected  by  a 
e-way  tap  R  (Fig.  112).  Dry  air  was 
itted  several  times  and  pumped  out  in  order 
doroughly  dry  the  spaces  above  the  mercury. 
3n  this  had  been  accomplished  the  air  was 
ly  pumped  out  of  both  tubes,  and  the 
cury  stood  at  the  same  level  in  A  and  A^ 
le  liquid  was  then  introduced  into  one  of 
Q  (A'),  and  a  difference  of  level  immedi- 
y  established  itself,  which,  corrected  for  the 
yht  of  the  floating  liquid,  gave  the  capillary  correction.  For  water 
*e  was  an  elevation  of  the  column  amounting  to  0*12  mm. 
At  temperatures  above  that  of  the  atmosphere  the  temperature  of 
bath  was  maintained  by  a  spirit-lamp  applied  beneath.  Observa- 
18  were  made  at  intervals  of  eight  or  ten  minutes,  and  it  could 
B  be  ascertained  if  slight  changes  of  temperature  were  accompanied 
corresponding  changes  of  pressure,  and  the  accuracy  of  the  method 
ed.  One  source  of  error  may  arise  in  the  surface  of  the  mercury 
being  at  the  same  temperature  as  the  bath.  At  temperatures 
ve  that  of  the  atmosphere  the  mercury  in  the  tube  outside  the 
b  will  be  colder  than  that  inside,  and  by  conduction  the  upper 
iiace  of  the  mercury  may  be  somewhat  colder  than  the  bath.  To 
id  any  error  from  this  cause  Regnault  always  worked  with  the 
•er  surface  of  the  mercury  well  within  the  bath.  When  the  batii 
>elow  the  temperature  of  the  air  this  source  of  error  does  not 
sent  itself,  for  the  pressure  of  the  vapour  is  that  corresponding  to 

2  D 


Fig.  112. 
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ite  coldest  part — that  is,  in  this  case  the  temperature  of  the  bath,  id 
the  former  case  it  vould  be  the  temperature  of  the  surface  of  th« 
mercury. 

In  order  to  vary  the  mode  of  experiment  and  test  the  accuracy  of 
the  results  of  one  method  by  comparison  with  those  derived  fron 
another,  Regnault  modified  the  apparatus  as  follows : — The  end  of  the 


vapour  tube  was  drawn  out  and  attached  by  means  of  a  three-**? 
joint  to  a  glass  globe  A  of  about  500  c.c.  capacity.  Communication 
was  established  with  an  air-pump,  as  shown  in  Fig.  113.  The  gle''* 
and  space  above  the  mercury  were  carefully  dried  by  admitting  dry  »'r 
and  exhausting  several  times.  Finally  the  air  was  pumped  oul,  the 
exhaustion  Wng  carrieil  to  1  or  2  mm. 

The  liquid  was  previously  sealed  up  in  a  small  glass  flask  or  pi«c 
of  glass  tubing,  and  placed  in  the  vapour  globe  A.  The  apparatus 
being  now  ready,   the  temperature  of  the  globe  was  raised  till  th* 
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imall  flask  containing  the  liquid  burst.  The  space  he  above  the 
nercury  became  filled  with  vapour,  and  the  experiment  was  proceeded 
Kith  as  before.  The  results  of  these  experiments,  in  which  vaporisa- 
;ion  took  place  in  the  presence  of  a  residual  atmosphere  of  air,  were 
n  close  concord  with  those  derived  by  the  first  method  of  procedure 
n  which  the  vaporisation  took  place  in  a  vacuum. 

209.  Temperatures  below  Zero. — In  determining  the  pressure  of 
.v'ater  vapour  at  temperatures  below  zero  Eegnault  adopted  the 
nethod  of  Gay-Lussac.  The  second  form  of  apparatus  described  in 
:he  foregoing  article  was  used.  The  globe  containing  the  liquid  was 
irst  immersed  in  melting  ice,  and  then  in  a  freezing  mixture  of 
crystallised  chloride  of  calcium  and  snow,  which  was  liquid,  and  could 
}e  kept  in  constant  agitation.  The  temperature  of  the  bath  could  be 
naintained  for  a  short  time  at  its  lowest  point  by  adding  small 
quantities  of  snow.     Observations  were  made  at  this  point. 

Exact  determinations  at  low  temperatures  are  exceedingly  difficult, 
for  here  the  pressure  is  very  low  and  rises  slowly  with  temperature. 
Dn  the  other  hand,  at  a  high  temperature  the  pressure  is  high,  and 
changes  considerably  with  a  small  change  of  temperature. 

A  more  accurate  method  at  low  temperatures  might  be  based  on 
the  principle  of  the  chemical  hygrometer  (Art.  232),  namely,  by 
wreighing  the  quantity  of  vapour  contained  in  a  large  volume  of 
saturated  air.  This  method  might  be  easily  adopted  at  low  tempera- 
tures in  high  latitudes ;  but  in  these  countries  where  the  temperature 
of  the  atmosphere  is  never  very  low,  it  would  necessitate  the  adoption 
of  specially  devised  apparatus. 

210.  Experiments  at  High  Temperatures. — When  the  pressure 
exceeds  300  mm.  the  foregoing  apparatus  becomes  inconvenient. 
The  length  of  the  bath  would  have  to  be  increased,  and  the  difficulty 
of  maintaining  its  temperature  uniform  presents  itself.  For  this 
reason  M.  Hegnault  designed  a  new  form  of  apparatus  suitable  to  the 
determination  of  vapour  pressures  at  temperatures  above  50°  C.  The 
special  feature  of  the  new  apparatus  was  the  design  by  which  the 
temperature  of  the  vapour  could  be  accurately  determined,  and  kept 
constant  while  an  observation  was  being  made. 

The  liquid  was  placed  in  an  air-tight  copper  boiler  A  (Fig.  114), 
furnished  with  four  thermometers  to  register  the  temperature.  These 
thermometers,  which  read  directly  to  the  ^V  ^^  *  degree  centigrade, 
^ere  not  exposed  directly  to  the  vapour,  but  were  contained  in  iron 
tubulures  (Fig.  115)  which  were  closed  at  their  lower  extremities  and 
filled  with  mercury.  The  thermometers  were  thus  enabled  to  take  up 
^he  temperature  of  the  boiler  without  being  subject  to  the  pressure  of 
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the  vapour  which  would  lead  to  error  at  high  temperatures.  Two  of 
the  thermometer  tubes  protruded  into  the  liquid,  and  the  other  tiro 
extended   only  into  the   vapour.      Regnault  carefully  verified  ihit 


the  temperature  registered  by  the  thermometers  was  accurately  iha' 
of  the  vapour.  A  tube  surrounded  by  a  water  jacket  and  overflow 
^        pipe  led  from  the  boiler  to  a  large  air-reservoir  B  (24  litres 

rcapacitj-),  contained  in  a  cylin<lrical  vessel,  and  surrounded 
with  water  to  keep  it  at  a  constant  temperature.  This 
air-reservoir  was  connected  to  a  manometer  piy,  which 
indicates  the  pressure,  and  also  to  an  air-pump  by  mesRs 
of  the  tube  /('. ,  By  working  the  pump  the  pressure  in 
s  r-i  the  reservoir  could  bo  regiilated  as  desired,  and  the  liquid 
1  the  boiler  caused  to  boil  under  any  chosen  pressure. 
FiK.  IIS.  "jijg  temperature  of  the  vapour  was  determined  by  mei"" 
of  the  thermometers  in  the  boiler,  and  the  corresponding  pressure 
of  the  saturated  vapour  of  the  boiling  liquid  was  given  by  the 
manometer.  The  tube  connecting  the  boiler  to  the  air-reservoir  "^iis 
sloped  upwards,  and  kept  cool  by  the  circulation  of  a  stream  of  o'd 
water.  The  vapour  condensed  in  this  tube,  and  the  condensed  liquid' 
flowed  back  again  into  the  boiler.  The  air-reservoir  was  a  large  coiilW 
sphere  surrounded  by  a  water  bath  contained  in  a  zinc  vessel,  ^ 
that  its  changes  of  temperature  were  insignificanL  For  preesiirfs 
below  one  atmosphere  an  exhaustion   pump  was  employed,  and  ioT 
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igher  pressures  a  larger  and  much  stronger  apparatus  of  the  same 
escription  was  specially  built 

The  facility  and  precision  of  this  method  are  extraordinary. 
IThen  the  pressure  is  brought  to  any  desired  value  steady  boiling  soon 
its  in,  and  the  temperature  remains  stationary  for  any  length  of  time 
squired. 

The  observations  were  carried  up  to  28  atmospheres,  and  Regnault 
rojected  carrying  them  to  much  higher  pressures  with  a  still  stronger 
fpe  of  apparatus  and  a  compressed  air  manometer. 

211.  Apparatus  for  Volatile  Liquids. — In  the  case  of  volatile 
quids  the  vapour  pressiure  at  ordinary  temperatures  is  considerable, 
nd  the  apparatus  of  Art.  208 

ecomes  inadequate  to  meet  the ^^ 

3quirements  of  the  investigation, 
'he  apparatus  sketched  in  Fig. 
16  is  suitable  for  such  liquids, 
nd  was  used  by  both  Regnault 
nd  Magnus.^  The  liquid  is 
laced  in  the  shorter  arm  a  of 
siphon  barometer  tube,  the 
ther  arm  of  which  communi- 
ites  with  an  air-pump  p  and 
n  open  air  manometer  hk.  The 
rm  0^  is  first  filled  completely  with  mercury,  and  some  of  the 
quid  is  then  introduced  above  it  at  c.  This  liquid  is  then  boiled, 
)  as  to  expel  all  air  from  the  tube.  AVhile  the  liquid  is  still 
ot  the  tube  is  inclined,  and  some  of  the  liquid  free  from  air  is 
Qowed  to  ascend  to  the  top  of  the  arm  a.  The  remainder  of  the 
quid  at  c  is  then  boiled  off,  and  dry  air  is  admitted,  the  pressure  of 
rhich  can  be  regulated  at  pleasure  by  means  of  the  air-pump.  This 
ressure  is  registered  by  means  of  the  manometer  hk.  The  apparatus 
low  contains  some  liquid  at  a  free  from  air,  and  is  ready  for 
xperiment.  The  arm  ac  is  now  immersed  in  a  bath,  the  temperature 
i  which  can  be  varied  at  pleasure,  and  the  corresponding  vapour 
)res8ure  is  furnished  by  the  manometer.  By  sealing  up  the  pump 
ube  Pj  and  pouring  mercury  into  the  open  arm  of  the  manometer, 
)re88ures  above  one  atmosphere  may  be  used. 

212.  Apparatus  for  Liqueflable  Gases. — A  somewhat  similar 
apparatus  was  employed  by  Regnault  for  the  determination  of  the 
vapour  pressures  of  liqueflable  gases,  such  as  sulphurous  acid  and 
carbonic  acid.     The  gas  was  forced  into  a  chamber  A  (Fig   117)  (by  a 

'  Pogg.  Ann,y  vol.  Ixi.  p.  226  ;  and  Ann.  dc  ChimiCj  3*^,  torn.  xii.  j».  69,  1844. 
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compression  pump  connected  with  the  aperture  P),  where  it  liquefied 
under  the  pressure.     The  other  chambef  B  was  in  connection  with  « 

compressed  air  manometer  by  means  of 
the  tube  M.  The  chambers  A  and  B  were 
separated  by  a  partition  which  descended 
nearly  to  the  bottom  of  the  vessel  The 
lower  part  of  the  vessel  contained  mercarj, 
which  could  pass  from  A  to  B  under  the 
„.    ,,^  partition.      The   whole   vessel  could  be 

Fig.  117.  ^ 

placed  in  a  bath,  and  kept  at  any  desired 
temperature.  The  corresponding  pressure  of  the  vapour  was  deter- 
mined by  the  manometer.  In  such  experiments  the  pressures  are 
so  great  that  the  diflference  of  level  of  the  mercury  in  A  and  B  is 
negligible. 

218.  Vapour  Pressure  of  a  Liquid  Mixture. — The  pressure  of 
the  saturated  vapour  of  a  mixture  of  liquids  was  also  investigated 
by  Regnault.^  The  mixed  vapours  were  found  not  to  behave  in 
general  like  a  mixture  of  gases  as  regards  pressure.  Kegnault  dis- 
tinguishes three  cases — (1)  AVhen  the  liquids  do  not  mix,  as  water  and 
benzene.  In  this  case  the  vapour  pressure  of  the  mixture  is  equal  to 
the  sum  of  the  vapour  pressures  of  the  constituents.  (2)  When  the 
liquids  mix  partially  or  dissolve  each  other  to  a  limited  extent,  like 
water  and  ether.  In  this  case  the  vapour  pressure  of  the  mixture  is 
less  than  the  sum  of  the  pressures  of  the  constituents,  or  even  less 
than  that  of  one  of  them.     Thus  Regnault  found — 


Temperature.       Water  Yap.  Press.  Ether. 


15 -56  C.  13-16  mm.  361-4  mm. 

33-08  27-.i8    „  711-6    ,, 


t 
Mixture. 


362-9.5  mm. 
710-02     „ 


(3)  The  third  case  is  that  in  which  the  liquids  mix  in  all  proportions. 
In  this  case  the  diminution  of  the  vapour  pressure  of  the  mixture  is 
still  more  marked. 

According  to  the  experiments  of  Wiillner  ^  the  vapour  pressure  of 
any  given  mixture  bears  a  constant  ratio  to  the  sum  of  the  vapour 
pressures  of  the  constituents,  at  least  when  the  liquids  are  mixed  m 
nearly  equal  proportions.  For  other  proportions  the  law  is  not  quit^ 
exact. 
vj  214.  [Vapour  Pressure  at  a  Curved  Surface. — The  pressure  of 

'   Kegnault,  Coinptes  liendus,  tom.  xxxix.,  1854  ;  ct  Mtmoires  dc  r Acad,,  torn,  xx^i- 

-  Pogg.  Ann.,  Band  cxxix.  p.  353,  1866. 
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id  vapour  in  equilibrium  with  its  own  liquid  is  not  the  same 
lie  liquid  surface  is  curved  as  when  it  is  plane.     The  calcula- 

the  vapour  pressure  at  a  curved  surface  was  first  given  by 
Lelvin.'  Let  a  fine  tube  be  placed  in  a  liquid,  and  let  the 
be  placed  in  a  vessel  from  which  air  is  exhausted,  so  that 
lole  space  above  the  liquid  becomes  filled  with  its  vapour 
:1ung  else. 

the  permanent  level    of  the   liquid  be    at   A  in  the  small 
nd  at  B  in  the  vessel,  and  let  us  suppose  the 
iture  the  same  throughout  the  apparatus, 
ire  is  a  state  of  equilibrium  between  the  liquid 
B  vapour   both  at  A   and   at    B;    otherwise 
ition  or   condensation  would   occur,   and    the 
ent  state  would  not  eziflt. 
w  the   pressure  of   the  vapour  at   B  exceeds 

A  by  the  pressure  due  to  a  column  of  the 
of  the  height  AB.  It  follows  that  the  vapour 
]uilibrium  with  the  liquid  at  a  lower  pressure 
^e  surface  of  the  liquid  is  concave,  as  at  A, 
lere  it  is  plane,  as  at  B. 

p^  bo  the  vapour  pressure  in  contact  with  a 
orrace,  i.e.  the  pressure  at  B,  let  ^  be  the 
pressure  just  outside  the  liquid  at  A,  and  let 
he  pressure  just  inside  the  liquid  at  A,  then,  if  <r  is  the 
of  the  vapour  (supposed  uniform),  p  the  density  of  the  liquid, 
le  height  AB, 


Fig.  IIB. 


?  is  the  surface  tension,  and  r  the  radius  of  curvature  of  the 
at  A,  therefore,  subtracting  and  reducing,  we  get- 
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a       2T  (l^ 

In  the  case  of  a  convex  liquid  surface,  such  as  a  spherical  drop,  the 
formula  becomes 

.     ^       2T  (J) 

oiling  by  This  explains  why  liquids,  in  vessels  to  whose  sides  they  adhere 
imping,  giog^ly^  ^j^  ^  heated  considerably  above  the  boiling  point  without 
ebullition  taking  place,  if  the  vessel  is  perfectly  clean.  For  uiiie» 
there  are  nuclei  present  which  the  bubbles  can  form  on,  tiie  am 
bubbles  which  first  form  would  condense  unless  the  temperature  were 
high  enough  for  the  vapour  pressure  to  be  able  to  support  the  internil 
pressure  due  to  surface  tension  in  addition  to  the  atmospheric  preesure. 
As  soon  as  the  temperature  is  high  enough  for  bubbles  to  form,  these 
will  grow  with  great  rapidity,  a  large  volume  of  vapour  is  emitted 
and  the  temperature  falls  nearly  to  the  normal  boiling  point  Thua 
the  boiling  is  intermittent  and  violent  in  character. 

Similarly  dust-free  air  may  contain  water  vapour  of  a  density 
several  times  as  great  as  that  necessary  for  satiuntion.  For  if  a  very 
small  drop  were  to  form  it  would  evaporate  unless  the  vapour  presaure 
were  great  enough  to  be  in  equilibrium  with  the  curved  surface.  I» 
drops  of  various  sizes  were  present,  the  small  ones  would  tend  to 
evaporate  and  condense  on  the  larger  ones. 

C.  T.  K.  Wilson  has  shown  ^  that  if  air  containing  water  vapour 
be  freed  from  dust  and  supersaturated  by  a  sudden  expansion,  a  cloud 
or  fog  will  form  if  the  air  is  iojiisfd  by  the  passage  of  Rontgen  or 
similar  rays,  and  this  will  take  place  with  a  much  smaller  expansion 
than  is  necessary  to  produce  condensation  if  the  rays  are  absent  In 
this  case  the  charged  ions  appciir  to  act  as  nuclei  for  the  condensation 
of  vapour.] 

215.  Empirical  Formulae. — If  the  pressure  of  a  saturated  ^'apou^ 
depends  only  on  the  temperature,  some  general  relation  between  the 
pressure  and  the  temperature,  such  as 

must  exist.     The  form  of  the  function  will  probably  depend  on  the 
nature  of  the  substance  ;  but  no  general  law  has  yet  been  found.     1*^ 
first  attempt  in  this  direction  was  made  by  Dalton,  who  proposed  the 
simple    law  that  the   vajMiur  pressure  increases   in  geometrical  p 
gression  as  the  temperature  increases  in  arithmetical.     This  assum 

^  Phi/.  Trans.,  vol.  clxxxix.  p.  265,  1897. 
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that  the  relation  between  the  pressure  and  temperature  is  of  the  form 

or 

\ogp=b$  +  c 

This  formula,    however,  holds  only  for  small  limits  of  temperature 
near  the  point  at  which  the  constants  are  determined. 

Young  ^  proposed  a  more  general  formula  including  three  constants, 
viz. 

where  the  constants  a,  by  m  are  to  be  determined  by  means  of  three 
experiments. 

Another  formula  suggested  by  Roche,^  from  theoretical  considera- 
tions, belongs  to  the  general  type 

0 


p=aa  , 

where  a,  a,  m,  and  n  are  constants  to  be  determined  by  experiment, 
and  $  is  the  temperature  measured  from  any  arbitrarily  chosen  zero. 
Roche's  form  was 

01644<tf-100) 
P        ^fA +0-09(9 -100) 

and  this  was  modified  by  Magnus  ^  as  follows — 

7-447W 

Finally,  a  more  general  formula  was  suggested  by  Biot,"*  viz. 

*  Young,  Xat.  Phil.,  vol.  ii.  p.  400.  Young's  formula  was  adopted  by  several 
physicists,  notably  Creighton,  Southern,  Tredgold,  and  Coriolis.  The  form  given 
by  Tredgold  was 

p  _/^_±75\« 

10  ~V    85    )  J 
while  that  used  by  Coriolis  {Du  calcul  de  Veffet  des  inachincs,  ]).  58,  1829)  was 

j>^      /l+0-01878^\6-3W 

760  ~\       2-878       ) 
*nd  the  form  given  by  Duloug  {Af^m.  fie  V Institute  torn.  x.  p.  230)  was 


^=ri +0.7153(^-^)7 
760     L  ^    ^^^    ^  J  , 


which  holds  fairly  well  for  water  vapour  up  to  24  atmosplieres. 

*  Roche  ;  see  Dulong  and  Arago's  Memoir,  AUm.  de  r Institute  torn.  x.  )».  227. 

^  Magnus,  Pogg.  Ann.,  vol.  Ixi.  ;  and  Ann.  de  Chimie  et  de  Phys.,  3<?,  tom.  xii. 
p.  69. 

*  Biot,  Connaissance  des  Tanps,  1844.     Tlie  more  general  form  would  be 

p  =  /m«  -\-b^  +  cy^  -r  dS^  +  etc. , 
where  $  is  measured  from  any  chosen  zero. 
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where  a,  b,  c^  a,  13  are  determined  by  means  of  five  experiments,  and 
6  is  the  temperature  measured  from  any  chosen  zero — say  the  lowest 
of  the  five  experiments  used  to  determine  the  constants. 

Eegnault  found  that  Young's  formula  might  be  used  to  represent 
the  results  of  experiments  within  a  limited  range,  but  that  beyond 
these  limits  it  had  to  be  abandoned. 

The  formula  of  Roche,^  however,  which  he  used  in  the  form 

0+20 
j9  =  aai+»»(«+20) 

represented  the  whole  series  of  experiments  with  considerable  accuracy, 
but  not  quite  so  generally  and  precisely  as  the  more  general  formula 
of  Biot.     Writing  this  in  the  form 

Eegnault  found 

a  =  6-2640348, 
log  «»  =  0-1397743,  log  a  =  l  '994049292, 

log  c  =  0-6924351,  log  /3=1  -99834386-2. 

In  the  course  of  a  series  of  investigations  founded  on  a  particular 
hypothesis  respecting  the  molecular  constitution  of  matter,  Eankine- 
arrived  at  the  formula 

logp  =  a-g-^'.,. 


*  Roche's  formula  has  been  deduced  from  theoretic  considerations  which  are  open 
to  serious  objection.  See  Clapeyron  {Journal  dc  Vicoh  Fohitechnique^  torn.  xiv.  p. 
153),  August  {Togg.  Ann.^  vol.  xiii.  p.  122  ;  and  vol.  Iviii.  p.  334),  de  Wrede  {ToQ^- 
Ann.,  vol.  liii.  p.  225),  Holtzmann  {Pogg.  Ann.  Ergdnzungshcfl,  vol.  ii.  p.  183).  If* 
curve  be  plotted  having  p  and  6  in  the  formula  for  co-ordinates,  it  will  have  two 
branches.  If  a  >  1,  one  of  these  branches  (that  which  represents  the  vajwur  pres- 
sures) stops  at  the  i>oint 

n 

where  ;;  =  0.     The  curve  here  touches  the  axis  of  temperature.     It  has  a  point  of 
inflection  for 

lojt  a  -  2m 


7/j(log  a-  2n) 
'In- 


d=      ^     ^   .,  '  »  =  aa  H  loga 


Finally,  it  is  asymptotic  to  a  line  parallel  to  the  axis  of  temperature  given  by  the 
equation 

p  =  (ta  " 

This  is  the  maximum  value  of  the  pressure. 

Tlic  other  branch  of  the  curve  does  not  refer  to  the  question.     It  is  asymptotic  to 
the  right  line  6=  -  mjn  parallel  to  the  axis  of  pressure. 

"^  Rankine,  Ekiinburgh  New  Phil.  Journal,  July  1849. 
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here  6  is  the  absolute  temperature.  This  formula,  according  to 
;ankine,  represents  the  whole  series  of  Regnault's  experiments  from 
-  30**  C.  to  +  230°  C.  The  values  of  the  constants  determined  from 
iree  experiments  were,  for  water  vapour 

a  =  7-831247,     log  /3=3-1851091,     log  7  =  5-0827176. 

Rankine  also  proposed  the  equation 

jin?^  Inconstant 

>r  the  steam-line  of  water  substance,  v  being  the  specific  volume  of 
le  saturated  vapour. 

[In  1820  Young  proposed  the  simple  formula 

l0gp=:A  +  ^- (1) 

I  we  take  6  as  representing  absolute  temperature  here,  then,  if 
^o  different  substances  have  the  same  vapour  pressure  p  at  the 
3mperatures  6'  and  9"  respectively,  we  get 


hence 


\ogp=A'  +  ^,  =  A''  +  ^„f 


^^^{B'  +  CA'-A^G'}, 


3  that  the  ratio  9'/9"  of  the  temperatures  at  which  the  vapour 
ressures  of  the  two  substances  are  the  same  is  a  linear  function  of 
he  temperature  9'  of  one  substance.  This  approximate  formula  has 
een  applied  by  Ramsay  and  Young  ^  to  deduce  the  vapour  pressure 
f  any  substance  from  those  of  a  standard  substance  by  means  of  two 
bservations  to  determine  the  constants. 

Kirchhoff*  in  1858  and  Rankine  in  1866  independently  suggested 
he  formula 

logp  =  A  +  ?  +  Cloge (2) 

rhich,  as  it  has  three  constants  to  be  determined  by  experiment 
nstead  of  two,  can  be  made  to  represent  the  facts  more  closely. 

The  formulae  (1)  and  (2)  can  be  arrived  at  by  theoretical  con- 
dderations.  If  we  write  the  characteristic  equation  of  the  vapour, 
ifter  Callendar,  in  the  form  (see  Art.  251) 

_RB__c 
''    "~  //    RH- 

ind  neglect  the  last  term,  since  it  is  small  for  high  temperatures,  and 

*  Fhil.  Mag.,  18S7. 
«  Pogtj.  A  an.,  Bd.  ciii.  p.  185,  1858. 
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if  we  put  for  v  the  specific  volume  v^  of  the  saturated  vapour,  and  for 
a  the  specific  volume  v^  of  the  liquid  (which  is  probably  in  most  cases 
a  fair  approximation),  we  get 

RO 

rj  -  ri  = 

P 

Combining  this  with  the  thermodynamic  equation  (5)  of  Art  350,  Tiz. 


we  obtain 


Assuming  L  constant  as  a  first  approximation,  this  equation  gives,  on 
integration, 

which  is  Young's  formula.  A  closer  approximation  is  got  by  taking 
L  to  be  a  linear  function  of  the  temperature,  as  in  Art.  200,  and  this 
leads  to  Kirchhoff's  formula.^] 

*  The  foregoing  is  from  the  article  *'  Vaporisation,"  by  H.  L.  Callendar,  Eneif. 
BrU.,  10th  ed.  1902. 
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'/2I 6.  Definition  of  Vapour  Density. — The  density  of  any  substance 
generally  means  its  weight  per  unit  volume,  taken  at  some  standard 
pressure  and  temperature.  The  specific  gravity  of  a  substance,  on 
the  other  hand,  is  expressed  by  the  ratio  of  the  weight  of  any  volume 
of  the  substance  to  the  weight,  under  given  conditions,  of  an  equal 
volume  of  some  standard  substance  chosen  for  the  sake  of  reference. 
The  standard  substance  usually  chosen  is  water,  so  that  the  specific 
gravity  of  a  substance  is  the  ratio  of  its  density  to  that  of  water. 
Now  if  the  weight  of  unit  volume  of  the  standard  substance  (water  at 
4°  C.)  be  taken  as  the  unit  of  weight,  then  the  density  of  this 
substance  will  be  unity,  and  the  density  of  any  other  substance  will 
be  expressed  by  the  same  number  as  its  specific  gravity.  This  plan 
is  adopted  in  the  C.  G.  S.  system,  in  which  the  unit  of  weight 
(1  gramme)  is  taken  as  the  weight  of  a  cubic  centimetre  of  water 
at  4°  C. 

What  is  generally  spoken  of  as  the  density  of  a  vapour  is  the 
weight  of  any  volume  under  given  conditions  of  temperature  and 
pressure,  compared  with  the  weight  of  an  equal  volume  of  dry  air 
(sometimes  hydrogen)  under  the  same  conditions.  This,  then,  is  not 
the  density  of  the  vapour,  in  the  correct  sense  of  the  word,  but  rather 
its  specific  gravity — air  at  the  same  pressure  and  temperature  being 
taken  as  the  standard  of  comparison. 

Let  w  be  the  weight  of  a  volume  v  of  vapoiu*  at  a  pressure  p  and 
temperature  9.  Let  w^  be  the  weight  of  air  per  unit  volume  at  0°  C, 
and  a  pressure  of  760  mm.  Then  the  weight  of  a  volume  v  of  air  at 
temperature  6  and  pressure  p  is 

P     273 
"760      G 

Consequently  by  definition  the  vapour  density  is 
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^    tc'    WoV      p      273  ^'^ 

where  i(;jj  =  0*001293  gramme  per  cubic  centimetre.  Hence  in  order 
to  measure  p  we  require  the  volume,  temperature,  and  pressure  of « 
known  weight  of  the  vapour. 

The  result  of  a  single  experiment  furnishes  the  vapour  density  at 
the  temperature  and  pressure  under  which  the  experiment  was  nuid& 
If  the  vapour  obeys  the  laws  of  Boyle  and  Charles  (or  rather  obeys 
them  to  the  same  extent  that  air  does),  then  the  vapour  density  thus 
determined  will  always  be  the  same  whatever  the  pressure  and  tempera- 
ture.    For  in  this  case  we  shall  have  jn;=R6  in  the  equation  for/), 

and  consequently 

_j|r     760 
^    Wq  '  273R 

which  is  independent  of  pressure  and  temperature. 

If,  therefore,  it  were  found  by  experiment  that  p  remains  constant 
as  the  pressure  and  temperature  are  varied,  we  should  conclude  that 
vapours  up  to  their  point  of  saturation  obey  the  laws  of  perfect  gases. 
It  is  found,  however,  that  this  is  by  no  means  the  case.  As  a  vapour 
approaches  its  point  of  condensation,  its  density,  as  defined  above, 
increases.  That  is,  for  a  given  increase  of  pressure  there  is  a  greater 
diminution  of  volume,  at  constant  temperature,  than  if  Boyle's  law 
were  obeyed.  In  other  words,  the  product  ^z;  is  not  constant  at  con- 
stant temperature,  but  diminishes  as  the  pressure  increases. 

No  perfectly  general  and  accurate  law  connecting  the  pressure, 
volume,  and  temperature  of  a  vapour,  or  gas,  up  to  its  condensing 
point  has  yet  been  discovered.     Sufficient  experimental  work  has  not 
been  executed  in  tliis  department  to  lead  to  the  deduction  of  any  law 
possessing  complete  generality.     Several  formulje  have  however  been 
proposed  which  apply  to  the  fluid  state  with  more  or  less  precision. 
These  will  be  considered  later  on  (Section  VII.).     Up  to  the  time 
of  the  experiments  of  Fairbairn  and  Tate  (1860)  no  direct  observa- 
tions of  vapour  densities  at  the  point  of  saturation  had  been  made. 
The  method  previously  employed  consisted  in  making  an  observation 
of  the  density  at  some  definite  temperature  and  pressure,  and  deducing 
the  density  at  all  other  temperatures  and  pressures  (even  that  of 
saturation)  on  the  supposition  that  the  vapour  obeyed  Boyle's  law. 
This  method,  though  obviously  inaccurate,  is  practised  in  most  ordinary 
work  up  to  the  present  day ;  we  shall,  therefore,  describe  some  of  the 
methods  which  have  been  employed  in  the  investigation  of  vapour 
densities. 

217.  Gay-Lussac's   Method. — The    method    employed   by  Gay- 
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Fig.  119. 


Lussac  ^  was  exceedingly  simple,  and  specially  suitable  for  the  measure- 
nent  of  the  vapour  densities  of  volatile  liquids.  For  liquids,  however, 
Bvhich  have  a  high  boiling  point  the  method  fails.  The  apparatus  is 
ihown  in  Fig.  119,  and  although  it  has  been  superseded  by  more 
iccurate  forms  it  sufficiently  illustrates 
the  principle  of  the  method.  It  consists 
[>f  an  iron  dish  containing  mercury  in 
which  a  tall  graduated  glass  tube  AB 
filled  with  mercury  is  inverted  barometer- 
wise.  This  tube  is  surrounded  by  a  glass 
cylinder  open  at  both  ends,  which  is 
filled  with  water,  and  can  be  heated  so 
as  to  keep  the  inner  tube  at  a  fairly 
fixed  temperature.  The  apparatus  being 
ready  for  experiment,  a  weighed  quantity 
of  the  liquid  under  investigation  is  sealed 
up  in  a  small  glass  bulb,  or  placed  in  a 
small  stoppered  phial,  which  is  slipped 
under  the  mouth  of  the  inner  tube. 
When  let  go  it  rises  through  the  mercury  to  the  top  of  the  tube, 
where,  under  the  diminished  pressure  and  increased  temperature, 
it  bursts,  and  the  liquid  is  all  vaporised  if  the  temperature  is 
sufficiently  high,  or  the  space  above  the  mercury  sufficiently  large. 
This  being  secured,  the  volume  occupied  by  the  vapour  is  read  off  by 
means  of  the  graduations  on  the  tube,  and  the  pressure  is  determined 
by  measuring  the  difference  of  level  between  the  mercury  in  the  tube 
and  cistern. 

The  temperature  is  taken  as  that  of  the  bath,  which  should  be 
constantly  stirred  to  secure  uniformity.     Stirring,  however,  will  cause 
oscillation   of   the  mercurial  columns  since  the  water  rests  on  the 
mercury,  and  for  that  reason  the  apparatus  is  open  to  the  same  objec- 
tion as  that  of   Dal  ton  for  determining  the   pressures  of  saturated 
vapours.     The  difference  of  level  between  the  surfaces  of  the  mercury 
in  the  tube  and  cistern  is  determined  by  means  of  a  cathetometer,  and 
a  vertical  screw  pointed  at  both  ends.     The  length  of  this  screw  is 
accurately  determined,  and  the  lower  end  is  placed  in  contact  with 
the  surface  of  the  mercury  in  the  cistern.     The  difference  of  level 
between  the  surface  of  the  mercury  in  the  tube  and  the  upper  end  of 
the  screw  is  determined  by  means  of  a  cathetometer,  and  this,  added 
to  the  length  of  the  screw,  gives  the  elevation  of  the  merciu-y  in  the 
tube  over  that  in  the  cistern.     This  column  corrected  for  temperature 
*  Gay-Lussac,  Ann.  de  Chimk,  1«,  toni.  Ixxx.  p.  218,  1811. 


416 


THEORY  OF  HEAT 


CHAP.  T 


i 


and  subtracted  from  the  height  of  the  barometer,  also  corrected  Ux 

temperature,  gives  the  pressure  of  the  vapour. 

The  pressure,  volume,  and  temperature  of  the  vapour  being  thus 

known  as  well  as  its  weight,  the  density  is  found  by  means  of  the 

formula  of  Art.  216 — 

760ire 

'^"6-001293  x278;n?' 

By  varying  the  temperature  of  the  bath  or  the  quantity  of  liquid, 

the  vapour  density  at  different  stages  approaching 
-^"^*  the  point  of  saturation  may  be  determined,  and 
a  comparison  of  the  results  will  indicate  the  extent 
and  nature  of  the  departure  from  Boyle's  lav. 
At  high  temperatures,  however,  the  tension  of  the 
mercury  vapour  becomes  considerable,  and  this 
method  becomes  inapplicable. 

The  apparatus  of  6ay-Lussac  has  been  modified 
and   improved   by   Hofmann.      In  the  new  form 
(Fig.   120)   the   vapour    tube   is   about    1    metre 
long,    so    that   the    vapour   is    contained    in   the 
vacuum  of  a  barometer  tube.     The  water  bath  is 
replaced  by  a  steam  jacket  (cd),  so  that  a  constant 
definite    temperature   may   be   maintained.      The 
liquid  is  enclosed  in  a  very  small  stoppered  bottle 
which   rises   to  the   surface   of   the   mercury,  and 
under  the  diminished  pressure  the  stopper  is  ejected 
and  the  liijiiid  evaporates.      Other   vapours  than 
water  may  be  used  in  the  vapour  jacket,  or  the 
water  may  be  boiled  at  other  pressures  than  that 
of  the  atmosphere,  by  attaching  the  tube  d  to  an 
air-pump  by  means  of  which  the  pressure  inside 
the  jacket  may   be  varied,   and    different  definite 
temperatures  are  thus  at  our  disposal.      Since  in 
this  form  the  liquid  evaporates  in  a  Torricellian 
vacuum,  the  vaix)ur  is  formed  under  a  much  lower  pressure  than  in 
Gay-Lussac's  apparatus,  so  that  the  va{)our  density  of  a  liquid  which 
boils  in  air,  say  at   150^  C,  may  be  determined  by  use  of  the  steam 
jacket.     This  is  of  great  importance  in  the  case  of  those  substances 
which  decompose  at  their  boiling  point  under  ordinary  atmospheric 
pressure. 

218.  Regnault*s  Investigations. — The  principle  of   the  method 
employed  by  Regnault  ^  in  his  study  of  vapour  densities  was  the  same 

^  Regnault,  Atni.  de  Cliimie  et  de  Phijsique,  3**,  torn.  xt.  p.  141,  1845. 
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of  Gay-Lussac,  but  the  apparatus  was  different  in  several 
^  being  similar  to  that  used  in  his  experiments  on  the  pressure 
ated  vapours  (Fig.  113).  A  weighed  quantity  of  the  liquid  was 
up  in  a  small  bulb,  and  placed  in  the  globe  of  the  vapour 
r.  The  barometer  tube  was  dispensed  with,  and  the  vapour 
IS  attached  at  its  lower  end  to  another  vertical  tube,  open  at 
er  end,  so  that  the  two  tubes  thus  joined  formed  the  two 
s  of  an  open-air  manometer.  The  surface  of  the  mercury  was 
kept  at  a  constant  level  in  the  vapour  tube,  so  that  the  apparent 
of  the  vapour  was  always  the  same. 

3  volume  being  accurately  known  at  one  temperature,  the 
at  any  other  temperature  is  easily  deduced  from  the  known 
nt  of  expansion  of  glass.  The  weight  of  liquid  was  previously 
lied,  so  that  it  could  be  completely  vaporised  in  this  space 
emperatures  employed.  The  pressure  due  to  the  residual  air 
the  apparatus  was  accurately  determined  before  the  vaporisa- 

the  liquid,  and  this,  corrected  for  change  of  temperature 
►tracted  from  the  pressure  indicated  l)y  the  apparatus,  gave  the 
3  of   the   vapour.     Being  thus  furnished    with   the   pressure, 

temperature,  and  weight  of  the  vapour,  its  density  may  be 
ned  as  above. 

advantage  of  this  form  of  apparatus  over  Gay-Lussac's  lies  in 
icture  of  the  bath,  which  could  be  constantly  agitated  and 
ned  at  a  uniform  temperature  throughout  without  disturbing 
'cury. 

;nault's  firet  series  of  experiments  related  to  the  density  of 
apour  at  100°  C,  and  under  pressures  not  greater  than  half  an 
lere.  Within  these  limits  he  found  that  Boyle's  law  was  very 
obeyed. 

I  second  series  of  experiments  investigated  water  vapour  under 
pressures  and  near  the  ordinary  temperature  of  the  air.  From 
•ies  he  concluded  that  Boyle's  law  might  be  applied  up  to  a 
on  fraction  0*8.  The  departure  from  the  law  after  this  point 
ght  might  be  due  to  anomalous  condensation  arising  probably 
ntuct  with  the  walls  of  the  vapour  chamber. 
!  third  series  dealt  with  the  density  of  water  vapour  in  air  at 
ration  point  between  0°  and  25"^  C,  the  conclusion  being  that 
law  was  obeyed  up  to  the  point  of  condensation  without  very 
error. 

'.  Meyer's  Method. — The  method  designed  by  Victor  Meyer 

J  on   an   ingenious  device   for  measuring  the  volume  of  the 

The   apparatus    is    shown    in    Fig.    121.     It  consists  of   a 

2  £ 
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cylindrical  btilb  B  fiimiahed  with  a  long  narrow  stem,  froiu  which  a  fine 
tube  branches  off  near  the  top  and  dips  under  the  surface  of  a  badn  of 
mercury.  Immediately  over  the  end  of  this  branch  tube  a  gradn^ 
glass  tube  D  filled  with  mercury  is  inverted  barometer-vise  in  die 
basin  of  mercury. 

In  making  an  experiment,  the  bulb  B  is  heated  by  immersion  in  a 
bath  to  the  temperature  at  which  it  is  desired  to  make  the  experi- 
ment.    During    this  operation  the  air  within  the 
■  _      bulb  expands,  and  may  be  allowed  to  escape  inta 

n  jaD  the  air  through  the  side  branch,  over  the  end  of 
(■ — -  1^  which  the  tube  D  has  not  yet  been  inverted. 
J^I^^B  When  B  has  attained  it«  stationary  temperature 
the  graduated  tube  D  is  inverted  over  the  end 
of  the  branch,  and  a  small  flask  containing  i 
known  wtiight  of  the  liquid  under  investigation  ie 
quickly  introduced  into  B  through  the  stopperetl 
end  C  of  the  stem  which  is  immediately  closed. 

Tlie  temperature  of  the  bulb  being  well  shore 
the  boiling  point  of  the  liquid,  the  contents  of  the 
flask  are  vaporised  at  once,  and  the  vapour  thus 
quickly  formed  pushes  the  air  before  it  through 
the  side  lube,  whence  it  rises  through  the  mercurr 
into  the  gradnat«d  tube  D.  When  equilibriun  is 
iittiiined  a  certain  mass  <it  air  has  been  cx[)ellMl 
which  can  be  di^terniined  by  observing  its  volume, 
temjieratiire,  mid  prcfisure  in  the  tube  I>.  The  result  of  the  whole 
process  is  thiit  the  s|)ai'c  previously  occupied  by  this  mass  of  air  in 
the  bulb  is  now  occiijiied  by  a  known  mass  of  vapour  at  the  same 
tcniperalun^  and  pressure.  The  relative  vapour  density  is  consequeiilly 
found  by  dividing  the  mass  of  the  vapour  by  the  mass  of  the  air 

In  order  to  pn^vent  fracture  of  the  bulb  wiien  the  small  flask  which 
coiitiLJiin  tiic  lL<|iiid  is  (lrop|)ed  in,  ^lome  asl>estOB  is  placed  at  the  bottoni 
of  tlie  bulb. 

220.  Dumas's  Method. — This  method'  is  sj>ecially  adapted  for 
the  study  of  the  vapour  densities  of  substances  which  possess  a  high 
boiling  point,  iind  for  whirh  an  apparatu.s  involving  the  use  of  mercurr 
fails. 

About  1  .">  iir  lM)  granuues  of  the  substance  are  placed  in  a  thin  glass 
flask  B  (Fig.  rJ2)  of  al>out  half  a  litre  cai<acity,  and  furnished  with* 
n;uTo«-  stem  p  lirawn  out  to  a  point.  A  glass  flask  may  be  used  for 
'  DiiniH'.,  .-1.1.1,  -l^  CIdmif  rt  .h  rh<miiiue,  2",  torn,  xxxiii.  p.  337,  1826. 
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tern i>eratu res  up  to  about  400°  C,  the  point  at  which  glass  begins  to 
Boft«n.     For  higher  temperatures  a  porcelain  vessel  may  be  employed. 

The  flask  is  placed  in  a  batli  of  oil,  or  some  fusible  metal,  the 
temperature  of  which  is  well  above  the  tmiliiig  point  of  the  substance 
under  examination.  ^^'ood's  fusible 
alloy  is  a  very  suitable  substance  for 
such  a  bath,  as  it  fuses  at  70'  C,  has 
a  high  boiling  point,  and  gives  off  no 
fumes. 

When  boiling  sets  in,  the  air  is 
gnidually  expelled  from  tlie  flask,  and 
after  some  time  nothing  remains  inside 
but  the  boiling  liquid  and  its  vapour. 
The  temperature  of  the  bath  being  well 
above  that  of  the  boiling  liquid,  a  s'trong 
jet  of  vajjour  issues  from  the  nozzle  of 
the  flask  as  long  as  any  liquid  is  left 
within.  When  the  liquid  is  completely 
vaporised  the  rapid  escape  of  vapour 
suddenly  ceases  an<l  the  flask  is  left  filled 

with  vapour,  which  soon  takes  up  the  teinpiiuture  of  the  bath.  The 
nozzle  is  then  hermetically  sealed,  and  the  flask  is  removed  from  the 
bath,  allowed  to  cool,  and  its  weight  determined. 

This  weight  W  is  the  sura  of  the  weights  of  the  glass  flask  and  its 
contained  va|>our  minus  the  weight  of  the  air  displaced  by  the  flask. 
Denote  these  by  tv^,  u\  and  w^  respectively,  then 


Before  the  experiment  the  flask  was  weighed  open,  and  its  weight  W 
represented  the  difference  between  the  woigliis  of  the  flask  and  of  the 
air  displaced  by  the  glass  constituting  it.  Denoting  these  by  vi^  and 
(Pa'  we  have 

\\"-.w^-w„-. 

Therefore 


The  last  term  on  the  right-hiind  side  of  this  ei|uation 
of  the  quantity  of  air  which  will  fill  the  flask  at  tin 
and  pressure  of  the  atmosphere  when  the  weighing  w 
Hence  if  v^  is  the  internal  cupiieity  of  the  flask  at  zt 
H  the  temperature  and  pressure  of  the  air  at  the  time 
we  have 

^.-.^•  =  o-001-.9,V"'.Lt."*.Mi. 


the  weight 
temperature 
t  conducted. 

i>,  #'  C.  and 
>f  weighing. 
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where  (j  and  u  are  the  coefficients  of  expansion  of  glass  and  air 
re8j>ectively.     Hence  the  weight  of  the  vapour  is 

1  +  a^     760 

Now  tliis  weight  of  vapour  filled  the  flask  at  the  temperature  of  the 
bath  and  the  pressure  of  the  atmosphere  at  the  time  of  sealing  the 
flask.  The  volume,  pressure,  and  temperature  of  a  known  weight  of 
the  vapour  are  therefore  known,  and  its  density  is  determined  hy  the 
ordinary  formula. 

On  account  of  the  great  length  of  time  required  to  complete  an 
experiment  by  this  method  the  weights  W  and  W  are  determined  at 
times  when  the  pressure  and  humidity  of  the  air  may  differ  consider- 
ably, and  correction  in  this  respect  may  be  necessary.  Further, 
ill  applying  this  method  great  care  should  be  taken  to  procure  the 
substance  under  investigation  as  pure  as  possible.  K  any  impurity  of 
a  higher  boiling  point  than  the  substance  be  present,  then  the  sub- 
stance whose  vapour  density  is  sought  will  vaporise  first  and  the 
impurity  will  remain  behind  to  the  last,  so  that  the  vapour  density 
determined  will  be  that  of  the  impurity  or  of  an  exaggerated  mixture 
of  the  impurity  and  t)ie  substance. 

If  during  ebullition  the  flask  is  connected  with  a  partially  exhausted 
chamber,  the  temperature  of  ebullition  will  be  greatly  reduced,  and 
a  modification  similar  to  that  applied  by  flofmann  to  Gay-Lussae's 
appanitus  will  be  introduced.  This  method  of  operation  has  been  used 
bv  Habermjuiii. 

MM.  Henri  Sainte-Claire  Deville  and  L.  Troost,^  by  using  a  porce- 
lain flask,  the  nozzle  of  which  could  be  sealed  by  an  oxyhydrogen 
blowpipe,  have  determined  the  vapour  densities  of  some  substances 
having  very  high  boiling  points.  Stationary  temperature  baths  were 
obtained  by  employing  the  vapour  of  such  substances  as  mercury, 
which  boils  at  .350'  (\,  sulphur  440  ,  cadmium  860°,  and  zinc  1040. 
The  flask  was  placed  inside  the  vessel  in  which  the  vapour  was  gener- 
ated, and  was  protected  i'roni  radiation  to  the  walls  of  it  by  Iniing 
surrounded  by  a  diaphragm  of  wire  gauze. 

221.  Density  of  Saturated  Vapour — Experiments  of  Fairbaim 
and  Tate.  —  In  order  to  determine  the  density  of  a  vapour  at 
the  point  of  saturation  with  accuracy,  it  is  not  legitimate  to  find 
the  density  of  the  superheated  vapoin*  and  then  deduce  that  of  the 

*  Deville  ami  Troost.  Comptcs  liendns,  toin.  xlv.  p.  821  ;  and  Ann.  de  Chimif  d 
dr  Phi/isiffue,  3^',  torn.  Iviii.  p.  257,  1860.  [The  Iwiling  points  of  mercury,  sulphur, 
etc.,  here  given  are  tlie  numbers  assumed  l»y  Deville  and  Troost  in  their  experiments 
(see  table,  p.  378).] 
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itiirated  vapour,  on  the  assumption  that  Boyle's  law  is  obeyed  up  to 
le  point  of  condensation.  The  great  difficulty  to  be  overcome  in  the 
irect  determination  of  the  density  of  a  saturated  vapour  lies  in  the 
jcurate  observation  of  the  volume  of  a  given  weight  of  the  vapour 
hen  saturated,  or  exactly  at  the  condensing  point. 

The  principle  of  the  method  employed  by  Fairbairn  and  Tate  ^  for 
lis  purpose  is  illustrated  by  Fig.  123.  Let  A  and  B  be  two  equal 
obes  connected,  as  shown  in  figure,  by  a  tube  containing  mercury, 
id  let  A  and  B  contain  different  quantities  of  a  liquid.  For  example, 
t  A  contain  20  grammes  and  B  30  grammes,  and  let  the  apparatus 
3  placed  in  a  bath  the  temperature  of  which  can  be  gradually  raised, 
s  the  temperature  rises,  more  and  more  of  the  liquid  in  each  bulb 
nadually  passes  into  the  state  of  vapour ;  but  as  long  as  any  liquid 
$inains  in  each  the  pressure  will  be  the  same  in  both,  namely,  the 
iturated  vapour  pressure  for  the  temperature  of  the  bath.  A  point 
ill,  however,  be  reached  at  which  all 
le  liquid  in  A  will  be  vaporised  and 
>iiie  liquid  will  still  remain  in  B. 
'p  to  this  point  the  level  of  the 
lercury  in  the  arms  of  the  connecting 
ibe  remains  fixed.  A  small  difference 
f    level,   arising  from  the  difference 

...  Fi"    123 

f   weight  of  liquid  in  the  two  arms, 

xists,  and  remains  constant  till  all  the  liquid  is  vaporised  in  one  of 
hem.  Beyond  this  point  the  vapour  in  A  will  ])ecome  superheated 
nd  obey  the  gaseous  laws  approximately,  but  the  vapour  in  B  will 
e  saturated  as  long  as  any  liquid  still  remains.  The  pressure  in 
\  will  now  increase  much  more  rapidly  than  that  in  A,  so  that  the 
lercury  will  rise  in  the  arm  A.  This  takes  place  because  tlie  pres- 
ure  of  a  saturated  vapour  increases  more  rapidly  with  temperature 
ban  that  of  a  superheated  vapour. 

Hence,  if  the  temperature  be  noted  at  which  the  mercury  just 
►egins  to  rise  in  A,  then  it  is  known  that  at  this  temperature  the 
iquid  in  A  is  all  vaporised  and  just  beginning  to  bo  superheated, 
rhe  volume  of  the  bulb  being  known  and  the  temperature  noted,  the 
iressure  may  be  found  from  a  table  of  saturated  vapour  pressures,  or 
t  may  be  found  directly  by  any  form  of  pressure  gauge,  so  that  the 
lata  for  finding  the  density  of  the  vapour  at  the  saturation  point  are 
complete. 

The  experiments  were  conducted  by  means  of  the  apparatus  shown 

'  Fairhairu  and  Tate,  Phil.  Tnnis.,  1860,  p.  18r»  ;  and  I'liiL  Mntj.^  vol.  xxi.  1861, 
^.  2.30. 


P«.*B.>.— « 
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in  Fig.  124.  A  known  weight  of  water  was  placed  in  a  glass  globe 
A,  which  was  about  14  cm.  in  diameter,  this  globe  was  furnished  with 
a  stem  about  80  cm.  long  and  1  cm.  wide,  the  end  of  this  stem  dipped 
under  the  surface  of  some  mercury  contained  in  a  glass 
tube  which  surrounded  the  stem  of  A,  and  was  firmljr 
jointed  to  a  metal  reservoir  B  enclosing  A.  This  reservoir 
and  the  tube  contained  some  water,  so  that  the  interior 
of  B  was  saturated  with  water  vapour  at  all  the  tem- 
peratures used  in  the  experiments.  The  pressure  of  this 
vapour  was  roughly  measured  by  a  pressure  gauge  G,  and 
the  temperature  was  registered  by  means  of  a  ther- 
mometer exposed  naked  to  the  vapour,  and  corrected 
for  the  effect  of  pressure.  The  temperature  being  known, 
the  exact  pressure  can  be  found  from  Kegnault's  tables 
of  vapour  pressures.  A  nozzle  j)  allows  of  the  steam 
r*\\m        being  let  off  at  pleasure. 

The  apparatus  was  heated  by  placing  the  end  of  the 
tube  C  in  a  sand  bath,  and  B  was  at  the  same  time  heated 
by  a  gas  burner.  All  the  air  was  expelled  from  B  by 
boiling  for  some  time  with  the  nozzle  p  open,  and  in 
order  to  ensure  that  A  should  contain  no  air  it  was  filled 
with  mercury,  and  inverted  with  the  stem  under  mercurv 
l)efore  the  liiiuid  w;is  introiluced.  As  long  as  any  liquid 
remains  in  A  the  vapour  pressure  will  be  the  s«ime  in  B  and  A,  and  the 
level  of  the  mercurv  in  the  stem  of  A  will  remain  fixed,  but  as  soon  as 
all  the  licjuid  in  A  is  vaporised  the  mercury  will  rise  in  the  stem. 
Before  this  point  tlie  mercury  stands  somewhat  higher  inside  the  stem 
than  outside,  on  account  of  the  weight  of  the  column  of  liquid  in  the 
tube  (th.  The  volume  of  A  being  known  up  to  any  point  in  the  stem, 
and  the  pressure  and  temperature  at  which  the  mercury  just  begins  to 
rise  in  the  stem  ])eing  determined,  the  data  necessary  for  the  estima- 
tion of  the  density  of  the  saturated  vapour  are  at  hand.  In  oitler 
to  determine  the  saturation  point  most  accurately  the  vapour  in  A 
was  superheated  10  or  20""  al)0ve  the  point  of  saturation,  and  the 
difference  of  level  nh  of  the  mercurial  columns  was  noted  with  a 
cathetometer.  The  temperature  was  then  gradually  reduced,  and  the 
determination  of  the  saturation  point  was  tiiken  from  the  observations 
on  the  mercurial  column  when  falling  in  the  stem  of  A  rather  than 
when  rising. 

The  results  of  these  experiments  show  that  the  density  of  satu- 
rated vapour  is  invariably  greater  than  that  deduced  from  the  laws 
of  leases. 
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If  V  denotes  the  specific  volume  of  the  saturated  vapour — that  is, 
he  volume  per  unit  mass — then,  according  to  the  authors  of  these 
xperiments,  the  relation  between  p  and  v  may  be  written  in  the  form 


r  =  a  + 


p-\-c 


Tie  values  of  the  constants  deduced  from  the  experiments  were,  if  p 
\  measured  in  millimetres  in  mercury, 


v  =  25-62  + 


1257605 


p+ 18-29 

The  following  table  after  M.  Jamin  shows  the  observed  and 
ilculated  specific  volumes  (by  the  above  formula)  of  saturated  water 
apour  between  58°  and  145°  C. : — 


Temp«*nitur»* 

Volume  ill  c.c.  of  a  Graiiime  of  Water  Vai)onr. 

in  DejfrefH  CVnti- 
gnwle. 

Obuerve*!. 

Calciilatwl. 
8183 

By  Boyle'8  Uw. 

58-20 

8266 

8380 

68-50 

5326 

5326 

•  »  • 

70-75 

4914 

4900 

•  •  • 

77-20 

3717 

3766 

77-50 

3710 

3740 

79-40 

3433 

3478 

83-50 

3046 

2985 

•  •  • 

86-85 

2620 

2620 

. 

92-65 

2146 

2124 

21  SO 

117-17 

941 

937 

991 

118-23 

906 

906 

.  •  ■ 

118-46 

891 

900 

•   a    • 

1-24  17 

758 

7  58 

128-41 

648 

669 

130-67 

634 

6-28 

•    ■    • 

131-78 

604 

608 

.    .    . 

134-87 

583 

562 

137-46 

514 

619 

-    .    • 

139-21 

496 

496 

•    •    • 

141-81 

457 

461 

142-36 

448 

456 

.    .    • 

144-74 

432 

428 

466 

Jear  the  point  of  satunition  the  coefficient  of  expansion  was  almost  five 
imes  that  of  air,  l)ut  it  gradually  approached  that  of  air  with  super- 
eating. 

222.  Later  Experiments. — The  determination  of  the  densities 
f  saturated  vapours  was  undertaken  more  recently  by  M.  Perot.  ^ 
'wo  methods  of  experiment  were  adopted,  both  of  which  depended  in 


^   IVrot,  Juorual  dc  Ph;/siqtit',  •2«',  toin.  vii.  p.  129    1888. 
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principle  on  the  isolation  and  weighing  of  a  certain  volume  of  the 
saturated  vapour.  In  the  first  method  a  glass  globe  A,  similar  to  that 
used  in  Dumas's  method  (Art.  220),  was  placed  inside  a  closed  vessel 
B,  connected  with  an  air-pump.  Dry  air  was  repeatedly  admitted  to 
and  pumped  out  of  B,  so  that  both  B  and  A  were  thus  carefully  dried. 
Finally,  the  vessel  B  was  exhausted  as  closely  as  possible,  the  residual 
pressure  being  only  ^  mm.  In  this  process  the  flaak  A  became 
exhausted  also.  The  liquid  under  investigation  had  been  previouslT 
sealed  up  in  a  glass  bulb  and  placed  in  B.  The  temperature  was  now 
raised  till  the  bulb  burst,  and  the  vessel  B,  together  with  the  flask  A, 
became  filled  with  saturated  vapour.  The  temperature  was  now 
maintained  constant  for  some  time,  and  the  nozzle  of  the  flask  A  was 
then  sealed  up  electrically.  This  being  done,  A  was  taken  out  and 
weighed.  This  gives  the  weight  of  the  vapour  contained,  and  hence 
its  density  may  be  found. 

In  the  second  method  two  chambers  A  and  B  were  connected  by 
a  tube  furnished  with  a  stopcock.  The  vapoiu*  was  generated  in  one, 
A,  and  when  the  tap  was  opened  the  other  chamber,  B,  became  filled 
with  saturated  vapour.  The  tap  was  then  closed,  and  the  vapour 
drawn  off"  from  B  by  means  of  an  aspirator  into  drying  tubes  and 
weighed.  The  weight  of  the  saturated  vapour  which  filled  the  chamber 
B  was  thus  determined,  and  its  density  calculated  in  the  ordinary 
way. 

M.  Perot  found  that  the  two  methods  gave  very  concordant 
results.  Thus  the  specific  volume  of  ether  vapour  at  30°  C.  by  the 
first  method  was  400  c.c,  while  by  the  second  the  specific  volume  at 
30°-02  C.  was  399-9  c.c. 

In  the  case  of  water,  temperatures  much  above  100°  C.  could  not 
be  employed  on  account  of  the  solvent  action  of  water  vapour  on  glass 
at  high  temperatures.  The  results  for  water  and  ether  are  given  in 
the  following  tables  : — 


Siw'cific  Voluin*'  of  Wat«'r  Vapour  in  Cubic  Centiinetre.- 


:  Temperaturo    .      .         ()8-2  SS'G     j      PS'l  {^9'6         101*5    |    124-1 

'  Sp.  Vol.      .     .     .        r.747  -J/i.^l  178-2  1657  1583  766 
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1 

Ether  Vapour. 

Temperature  . 

28-4 

30-0 

31-7           31-9     . 

57-9 

86-5 

110-6 

Sp.  Vol.     .     . 

426-2 

400 

375  1           373      ' 

168 

77-77 

43-94 

In  the  case  of  ether  the  results  of  the  experiments  were  represented 
by  the  formula 

c  =  400-42-  15-7394^  +  0-539^. 
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^  228.  Evaporation  and  Vapour  Pressure  in  a  closed  Spaee 
occupied  by  a  Gas — Dalton's  Experiment. — The  first  trustworthy  ex- 
periments on  the  formation  of  vapours  in  spaces  already  occupied  by 
air  or  other  gases  were  executed  by  Dalton  with  an  apparatus  similar 
to  that  depicted  in  Fig.  1 25.  An  air-tight  glass  flask  was  fitted  with 
a  barometer  AM  and  a  delivery  tube  C,  which  communicated  with  an 

air-pump  by  means  of  which  the  flask  could 
be  exhausted  or  the  pressure  of  the  gas 
within  it  modified  at  pleasure.  A  funnel 
B,  furnished  with  a  tap,  contained  a  quantity 
of  the  li(juid  under  experiment,  and  by  open- 
ing the  tap  a  small  quantity  of  the  hqui'l 
could  he  passed  into  the  flask  in  order  that 
its  vapour  might  be  studied.  If  the  flask 
is  exhausted,  the  first  drops  of  liquid  are 
vaporised  immediately  after  admission ;  but 
if  the  interior  is  occupied  by  air  or  any 
othei*  gas  the  evaix)ration  takes  place  much 
more  slowly,  and  the  greater  the  pressure 
of  the  gas  the  more  slowly  does  the  evapora- 
tion take  place.  In  a  vacuum  the  evapora- 
tion is  rai>i(l,  and  the  vapour  quickly  attains 
its  maximuni  pressure ;  but  when  air  or  any 
other  gas  is  present,  the  vapour  pressure  gradually  increases,  and  its 
progress  may  be  observed  by  means  of  the  barometer  AM  with  which  the 
flask  is  furnished.  As  the  evaporation  progresses  the  barometer  rises, 
showing  that  the  pressure  within  the  flask  is  increasing ;  and  as  the 
volume  of  the  flask  and  the  quantity  of  gas  within  it  remain  fixed, 
this  increase  of  pressure  must  be  due  solely  to  the  formation  of  the 
vapour,   and   may   be  regarded   as   tlie   vapour   pressure.     The  total 
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pressure  within  the  flask,  from  this  point  of  view,  is  regarded  as  the 
Slim  of  the  initial  pressure  of  the  gaa  and  that  of  the  vapour,  and 
Daltoo  found  that  the  increaae  of  pressure  ultimately  produced  by  the 
evaporation  of  a  liquid  in  such  a  closed  space  is  the  same  whether 
the  space  be  filled  with  a  gas  or  empty,  and  that  this  increase  is  equal 
to  the  maximum  vapour  pressure  of  the  liquid  for  the  temperattu'e  at 
which  the  experiment  is  made.  In  other  words,  if  a  space  of  fixed 
volume  be  initially  filled  with  a  gas  at  pressure  p,  and  if  a  quantity 
of  li<iuid,  whose  maximum  vapour  pressure  at  the  temperature  of  the 
experiment  is  F,  be  introduced  into  the  space  and  allowed  to  evaporate 
so  as  to  saturate  the  apace,  then  the  final  pressure  within  the  space 


The  results  arrived  at  by  Daiton  were  subsequently  confirmed  by 
Gay-Lussac  with  the  convenient  form  of  apparatus  shown  in  Fig.  126.  C")- 
One  of  the  arms  AB  of  an  open-air  manometer  is  furnished  with  a 
stopcock  F,  over  which  a  funnel,  also  furnished 
with  a  tap  G,  can  be  screwed  on.     Tlic  pin  of  t;-SjJ  | 
the  tap  G  is  not  pierced  through  with  an  aper- 
ture so  as  to  permit  of  a  continuous  flow  of  liquid    "^^^^ 
from  the  funnel  above,  but  is  merely  furnished 
with  a  ca%"ity  0   which   when   turned  upwards 
becomes  filled  with  the  liquid  contained  in  the 
funnel,  and  when  turned  downwards  discharges 
itself  into  the  arm  AB  below.     Thus  eath  time 
this  tHp  is  turned  the  full  of  the  cavity  of  liquid 
is  introduced  into  the  space  l)clow,  and  by  this 
means  a  known  quantttj-  of  liquid  may  be  placed 
in  the  arm  AB  at  any  time. 

In  making  an  experiment  the  apparatus  is 
first  thoroughly  dried  by  means  of  a  current  of 
dry  air,  and  it  is  then  filled  with  mereurj-. 
Some  dry  gas  is  then  admitted  into  the  amt  AB 
by  placing  the  tap  F  in  connection  with  a 
reservoir  of  the  gas,  and  permitting  Ihe  mcrcuiy 
to  escape  through  the  tap  E.  These  taps  ufc  I 
finally   closed,  and  the  pressure  and  volume  of  '"' 

the  gas  in  the  arm  .\B  noted.  Drops  of  liquid  are  then  introduced  by 
the  tap  G,  and  as  they  evapoi'ate  the  mercury  rises  in  the  arm  CD 
and  falls  in  AB,  until  the  space  A  becomes  saturated.  The  vapour 
bas  now  reached  its  ma.vimum  pressure,  and  nn  increase  of  pressure 
is  produced  by  the  further  introduction  of  liquid. 
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In  this  form  of  the  experiment  the  conditions  are  not  exactly  the 
same  as  in  the  experiment  'of  Dalton,  for  here  the  space  occupied  bj 
the  gas  and  vapour  increases  as  the  pressure  rises,  while  in  Dalton's 
experiment  the  space  remained  constant.  Hence,  if  p  and  r  he  the 
initial  pressure  and  volume  of  the  gas,  its  pressure  y,  after  the  forma- 
tion of  the  vapour  in  the  experiment  of  Gay-Lussac,  when  the  volume 
has  increased  to  v\  will  h^  p  =  prjv\  the  temperature  being  constant^ 
and  the  final  pressure  will  not  be  /)  +  F  as  before,  but  will  be 

r 

By  observing  the  pressures  P  and  p  and  the  volumes  v  and  v  the 
vapour  pressure  F  can  be  found.  The  results  of  the  experiments  of 
Gay-Lussac  confirmed  the  conclusion  of  Dalton  that  the  vapour  exerted 
the  same  pressure  whether  in  a  vacuum  or  in  presence  of  a  gas  or 
Daltou*s  mixture  of  gases,  the  total  pressure  of  a  gaseous  mixture  being  the 
*^'  sum  of  the  pressures  which  the  constituents  would  exert  in  the  space 
if  they  occupied  it  sejmrately.  It  was  therefore  concluded  that,  at 
least  as  far  as  the  resultant  pressure  is  concerned,  the  mixed  gases  are 
without  influence  on  each  other. 

These  experiments  were  not  sufficiently  numerous  or  accurate  to 
establish  the  general  truth  of  Dalton  s  law  on  a  sure  basis.  A  priori 
the  law  does  not  appear  probable,  for  if  several  liquids  be  admitted 
simultaneously  into  the  flask  in  the  experiment  of  Didton,  each  should 
produce  its  maxinuim  vapour  pressure  independently  of  the  others, 
and  by  increasing  the  number  of  liquids  the  total  pressure  within  the 
flask  could  be  increased  indefinitely.  The  law  can  therefore  be  only 
Uj^'imult.  approximately  true  witliin  certain  limits,  and  M.  Regnault^  was 
consequently  induced  to  investigate  the  behaviour  of  mixed  gases  and 
vapours  more  closely  and  completely.  The  apparatus  employed  was 
the  same  as  that  used  in  the  determination  of  the  pressure  of 
saturated  vapours.  Having  determined  the  maximum  vapour  pressure 
in  a  vacuum  between  zero  and  40  C,  he  repeated  the  same  measure- 
ments when  the  apparatus  contained  air  or  nitrogen,  and  constructed 
a  tiible  of  the  maximum  vapour  pressures  in  presence  of  these  gases : — 

^  Rcf^nanlt,  J  tin.  <fr  ('Jnuu'c  ct  ih  Phusu/nf,  :i»^.  toin.  xv.  p.  129,  1846. 
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This  table  shows  that  the  vapour  pressures  in  the  gas  are  very 
learly  equal  to,  but  a  little  less  than,  the  corresponding  maximum 
»ressure  in  a  vacuum  ;  and  as  the  measurements  in  both  sets  of  experi- 
aents  were  made  with  the  same  apparatus,  this  difference  cannot  be 
attributed  to  the  apparatus.  Regnault  feared  that  the  oxygen  of  the 
ar  attacked  the  mercury,  and  for  this  reason  he  also  employed  nitrogen, 
mt  found  the  same  difference,  so  that  he  was  forced  to  the  conclusion 
.hat  the  vapour  pressure  is  a  little  less  in  a  gas  than  in  vacuo, 
.iegnault  thought  this  did  not  militate  against  the  possible  truth  of 
[)alton's  law,  but  considered  that  it  might  be  explained  by  the  con- 
lensation  on  the  walls  of  the  vapour  chamber,  and  perhaps  to  some 
ixtent  by  the  slowness  of  evaporation  in  a  gas  which  prevents  the 
inal  stage  being  reached.  This  view  appeared  to  be  confirmed  by  the 
mbsequent  work  of  Herwig.^  In  order  to  determine  the  influence  of  Herwig. 
the  chamber  walls  Herwig  introduced  a  small  quantity  of  liquid  into 
the  vapour  chamber,  so  that  the  space  was  not  saturated.  He  then 
gradually  diminished  this  space  till  the  vapour  became  saturated,  and 
further  diminution  produced  condensation.  With  certain  liquids,  such 
as  alcohol  and  bisidphide  of  carbon,  the  corresponding  pressure  was 
the  same  as  the  maximum  vapour  pressure ;  but  witli  others,  such 
as  ether  and  water,  the  pressure  continued  to  increase  after  the 
first  appearance  of  dew  as  the  cai)acity  of  the  vapour  chamber  was 
decreased.^    This  effect  was  more  marked  as  the  temperature  was  lower. 

*  Herwig,  Pof/g.  Anu.,  Band  cxxxvii.  p.  592,  1869. 

^  [Several  foreign  physicists  liave  stated  that  the  pressure  of  a  saturated  vapour 
depends  slightly  on  the  relative  vohimes  of  liquid  and  vapour.     Professors  Ramsay 
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The  foregoing  experiments  show,  within  the  limits  to  which  they 
were  carried,  that  when  a  space  already  occupied  by  air  or  any  otbff 
gas  is  saturated  with  a  vapour,  the  pressure  exerted  by  the  vapour  is 
practically  equal  to  the  maximum  pressure  which  the  vapour  would 
exert  ih  vacuo  at  the  same  temperature.  It  was  for  this  reufm 
Vapour  assumed  by  Dalton  and  his  followers  that  the  vapour  density  in  the 
4en8it>.  g^ — ^jj^^  -j^^  ^jj^  weight  of  vapour  per  unit  volume — was  the  same  is 

in  vacuo.  This,  however,  cannot  be  assumed  as  a  consequence  of  the 
fact  that  the  pressures  are  the  same.  The  point  remained  to  he 
tested  by  experiment.  The  question  was  finally  settled  in  the  affinoa- 
tive  by  Regnault.^  Air  saturated  with  water  vapour  was  drawn  by 
means  of  an  aspirator  through  a  system  of  drying  tubes  as  in  the 
chemical  hygrometer  (Art.  232).  The  volume  of  air  drawn  through 
the  tul)es  was  measured  by  the  quantity  of  water  which  escaped  from 
the  aspirator,  and  the  weight  of  moisture  contained  was  calculated  by 
weighing  the  drying  tubes  before  and  after  the  experiment  The 
following  table  after  Kcgnault  shows  how  closely  the  observed  and 
calculated  weights  agree  : — 


Temperature. 


Weii?ht  of  Vajwur. 


Diflereiice. 


0 
12'SS 

20T)7 
2;')  11 


Calculate<l. 

0-27-5 
0-424 
0-6t)0 
0-7:i6 
1-013 
1  -32^ 


(3b8erve<l. 

0-27:^ 
0-424 
0-653 
0-731 
1-010 
1-315 


0-000 
0-000 
0  007 
0-005 
0-003 
0-013 


We  conclude,  therefore,  that  at  legist  within  certain  limits  in  a  space 
already  occupied  l)y  a  gas  a  liquid  ultimately  evaporates  to  the  same 
extent  as  in  a  vacuum,  the  process  being  merely  more  slow. 
\'  224.  Dalton*s  Law. — When  several  gases  which  have  no 
chemical  action  on  each  other  are  contained  in  the  same  vessel,  the 
pressure  of  the  mixture  may  be  determined  by  means  of  a  simple 
rule  known  as  Dalton's  -  law.  According  to  this  law  the  pressure  of 
a  gaseous  mixture  on  the  walls  of  the  containing  vessel  is  equal  to  the 

and  Young  have  founil  no  such  eflect  when  great  care  was  used  to  employ  i>erfectly 
})Ui-e  materials,  both  in  tlie  vapour  chamber  an<l  tlie  bath  used  to  keep  its  temperature 
constant.  The  j)resence  of  very  small  quantities  of  impurity  were  sufficient  to  pro- 
duce the  etfcct  stated.     See  Phil.  Mfig.,  February  and  December  189-1.] 

^  Jnu.  de  Chihtu,  3^  toni.  xv.  p.  129,  1845. 

2  Dalton,  Memoirs  of  Manchester  PhU.  Soc.,  vol.  v.,  1802,  p.  543. 
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urn  of  the  pressures  which  the  constituents  would  exert  if  each 
ccupied  the  vessel  separately.  According  to  Dalton's  view  each 
as  in  the  mixture  may  be  considered  as  diffused  throughout  the 
^hole  vessel,  so  that  all  occupy  the  same  volume,  namely,  the  whole 
bamber. 

If  the  gases  be  taken  as  ideal  substances  obeying  Boyle's  law,  and 
the  molecules  in  the  mixture  are  outside  the  sphere  of  each  other's 
ttraction — that  is,  if  they  move  about  independently  of  each  other, 
xeept  in  so  far  as  collisions  may  occur,  then  the  bomlxardment  on  the 
'alls  of  the  containing  vessel  by  the  molecules  of  the  mixture  will  be 
qual  to  the  sum  of  the  actions  which  would  be  exerted  if  each  gas 
ccupied  the  whole  space  separately.  There  will,  however,  obviously 
e  a  limit  beyond  which  the  law  will  cease  to  be  true  and  become 
lore  and  more  inaccurate.  If  the  number  or  the  quantities  of  the 
ases  in  a  given  space  be  greatly  increased,  or,  what  is  the  same  thing, 
'  the  space  occupied  by  a  given  mixture  is  largely  reduced  so  that  the 
ressure  of  the  mixture  is  great,  then  the  molecules  will  not  possess 
be  freedom  of  motion  necessary  for  the  truth  of  the  law.  They  will, 
nder  tlie  great  pressure,  be  brought  into  such  close  proximity  that 
he  motion  of  any  molecule  \vill  be  influenced  by  the  others.  The 
ree  path  will  be  lost  to  some  extent,  and  the  molecular  motion  will 
egin  to  acquire  the  characteristics  of  that  which  occurs  in  a  liquid. 
5oyle*8  law  will  be  more  and  more  departed  from,  and  as  a  consequence 
)alton's  law  will  also  cease  to  be  tnie. 

If,  however,  the  gases  are  far  removed  from  their  condensing 
•oints,  so  that  we  may  assume  Boyle's  law  to  hold  for  each  con- 
titucnt  as  well  as  for  the  mixture  as  a  whole,  then  the  sum  of  the 
iroducts  pv  for  the  constituents  will  be  equal  to  the  product  PV  for 
he  mixture,  or 

f,  now,  each  gas  is  diffused  throughout  the  whole  chamber,  as  Dalton 
apposed,  then 

Pj  =  v»  =  1*3  =  etc.  =  V, 
:)  that  the  etjuation  becomes 

^^P\  '^P'>+P?.  +  *^^c. )  =  PV, 

r 

P  =  2y/ 

-that  is,  the  whole  pressure  is  the  sum  of  the  partial  pressiu'es. 

If,  on  the  other  hand,  the  gases  are  superimposed  on  each  other  in 
yers,  they  will  have  a  common  pressure  P  and 

:cr=V, 
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But  in  this  case  we  have  also 

I*ri=;?,V,    Pva=j>2V,    etc., 
SO  that 

— that  is,  the  total  pressure  P  is  equal  to  the  sum  ^p  of  the  pressora 
which  the  gases  would  exert  if  they  each  occupied  the  vessel  sepa- 
rately. 

In  the  case  of  vapours  the  law  is  approximately  obeyed  within 
certain  limits  and  with  certain  restrictions.  In  1815  Gay-Lusaac^ 
found  that  the  vapours  of  alcohol  and  water  mix  like  two  gases  which 
have  no  action  on  each  other,  the  density  and  pressure  of  the  mixed 
vajwui-s  agreeing  closely  with  that  deduced  according  to  Dalton's  l*w. 
In  1836  Magnus-  proved  that  when  two  liquids  which  do  not  mix 
are  introduced  into  the  vacuum  of  a  barometer  tube,  the  pressure  of 
the  mixed  vapours  at  any  temi)erature  is  equal  to  the  sum  of  the 
vapour  pressures  of  the  two  liquids.  But  when  the  liquids  possess 
lixtures.  the  property  of  mixing  with  each  other,  the  behaviour  of  the  vapour 
is  greatly  mo<lified.  The  pressure  of  the  mixed  vapours  is  no  longer 
equal  to  the  sum  of  the  pressures  of  its  constituents  acting  separately, 
but  is  always  less  than  this  sum,  and  often  less  than  the  vapour 
pressure  of  the  most  volatile  constituent.  This  appears  to  contradict 
the  observations  of  (iay-Lussac  on  the  pressure  of  the  mixed  vapours 
of  alcohol  and  water  ;  but,  as  Ma<^nus  has  pointed  out,  the  conditions 
under  which  Gay-Lussac's  experiment  was  made  differed  from  those 
by  which  these  conclusions  were  established.  In  Gay-Lussac's  ex- 
periment the  mixture  of  water  and  alcohol  was  completely  vaporised, 
whereas  in  those  of  Magnus  an  excess  of  the  mixed  liquids  was  always 
present  in  contact  with  the  vapour. 

The  matter  was  subsequently  investigated  ])y  Regnault*  in  his 
work  on  the  elastic  foice  of  vapours,  and  his  exj^eriments  confirmed  the 
conclusions  of  Magnus.  Thus  it  was  established  that  the  pressiutj  of 
the  vapour  of  a  mixture  of  two  or  more  licjuids  which  do  not  mutually 
dissolve  ench  other  was  ecpial  to  the  sum  of  the  vapour  pressures  of  the 
constituents  considered  separately,  at  the  same  temperatui*e ;  but 
volatile  licpiids  which  mutually  dissolve  each  other  gave  a  complex 
vapour  pressure  which  was  always  less  than  the  sum  of  the  vapour 
pressures  of  its  constituents.  Thus  when  water  is  mixed  with  a 
substance,  such    as  sulphuric  acid,  which  is  said   to   have  a  strong 

'  (Jay-Lussac,  Ann.  de  Chimie,  toin.  xcv.  p.  314,  1815. 
-  Magnus,  Po(f(j.  Ann.,  Band  xxxviii.  p.  488,  18:^6. 
^  Rognault,  3fem.  ff^  VAcatltmie,  toni.  xxvi.  p.  722. 
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'  affinity  "  for  it,  the  vapour  pressure  of  the  mixture  diminishes  as  the 
)roportion  of  acid  is  increased.  A  weak  solution  has  nearly  the  same 
rapour  pressure  as  pure  water,  while  the  vapour  pressure  of  a  very 
itrong  solution  is  almost  zero  at  ordinary  temperatures.  Kegnault 
dso  extended  his  work  to  mixtures  of  gases  and  vapours,  and  con- 
cluded that  in  these  cases  Dalton's  law  is  very  closely  obeyed,  and 
:hat  in  all  the  cases  examined  it  would  probably  have  been  verified 
rigorously  but  for  the  action  of  the  walls  of  the  enclosing  vessel. 

These  conclusions  cannot,  however,  be  pushed  beyond  certain  limits. 
ks  already  pointed  out,  if  the  pressure  be  increased,  the  vapours  and 
^es  cease  to  obey  Boyle's  law  approximately,  and  Dalton's  law  ceases 
bo  be  true  under  the  same  conditions.  The  pressures  under  which 
the  foregoing  experiments  were  conducted  did  not  exceed  two  atmo- 
spheres, and  for  this  reason  Andrews^  took  up  the  question  and 
3xamined  the  properties  of  a  mixture  of  nitrogen  and  carbon  dioxide 
under  high  pressures.  The  results  of  his  investigation  led  him  to 
conclude  that  imder  high  pressures  Dalton's  law  is  largely  deviated 
From,  and  that  it  is  probably  only  strictly  true  for  gases  in  the  so- 
called  perfect  state. 

It  appears  from  the  experiments  of  Andrews  that  when  strongly 
compressed  carbon  dioxide  and  nitrogen  are  mixed,  a  notable  expansion 
occurs,  varying  from  9  %  at  50  atm.  to  as  much  as  39  ^  at  80  atm., 
when  3  volumes  of  nitrogen  were  mixed  with  4  volumes  of  carbon 
dioxide.  On  the  other  hand,  no  very  marked  difference  was  found 
between  the  total  pressure  and  the  sum  of  the  partial  pressures.  A 
series  of  investigations  with  various  gases  has  been  made  by  F. 
Braun^  which  shows  that  when  two  gases,  at  the  same  pressure  in 
different  vessels  connected  by  stopcocks,  are  allowed  to  mix,  a  change 
of  pressure  occurs  consequent  on  the  mutual  action  of  the  two  gases. 
This  change  may  be  either  positive  or  negative.  Thus  there  appears 
to  be  a  decrease  of  pressure  when  SOg  mixes  with  COg,  hydrogen, 
nitrogen,  or  air,  and  an  increase  of  a  fraction  of  a  millimetre  when 
hydrogen  mixes  with  COg,  air,  or  nitrogen. 


—         Hygrometry 

225.  Fpaetion  of  Saturation,  or  Humidity. — The  atmosphere 
consists  of  a  mixture  of  oxygen,  nitrogen,  and  aqueous  vapour, 
together  with  small  quantities  of  other  substances.     The  percentage  of 

'  Andrews,  Phil.  Trans.,  1886-87. 
F.  Braun,  fVied.  Ann.,  Band  xxxiv.  p.  948,  1887. 
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vapour  is  very  variable,  depending  on  the  temperature  and  other 
modifying  circumstances.  We  have  already  seen  that  at  a  gireo 
temperature  a  given  space  will  contain  a  certain  definite  weight  d 
vapour  at  its  maximum  pressure.  This  is  the  greatest  weight  of 
vapour  which  the  space  can  accommodate,^  and  at  this  point  the  spaee 
is  said  to  be  saturated  or  filled  with  saturated  vapour.  It  has  been 
proved,  moreover,  by  Regnault  (Art.  208)  that  the  presence  of  a  gas,  at 
least  at  ordinary  pressures,  does  not  affect  the  quantity  of  vapour 
which  a  given  space  can  contain.  It  merely  affects  the  rate  of 
evaporation ;  but  ultimately  the  quantity  of  vapour  at  the  saturation 
point  that  can  be  contained  in  a  given  space  is  the  same  whether  the 
space  is  vacuous  or  contains  air  or  other  gases.  The  quantity  of 
vapour  required  to  saturate  a  given  space  depends  only  on  the  tem- 
perature, and  when  the  temperature  is  known,  the  pressure  of  the 
saturated  vapour  can  be  found  from  the  tables  of  saturated  vapour 
pressures  already  compiled  by  Regnault  and  others. 

If  the  space  is  not  saturated,  however,  the  vapour  pressure  will  be 
less  than  the  maximum  value  for  the  corresponding  temperature. 
The  ratio  of  the  actual  pressure  of  the  vapour  in  a  space  to  the 
maximum,  or  saturation  pressure  for  the  same  temperature,  is  called 
the  fraction  of  saturation.  It  is  on  this  element  that  our  opinions  df 
the  dryness  or  dampness  of  the  atmosphere  are  chiefly  formed.  The 
air  is  ordinarily  said  to  be  damp  when  it  is  saturated  or  nearly 
saturated  with  vapour.  It  is  not  the  absolute  quantity  of  vapour  in 
the  air  that  determines  its  dampness,  but  merely  the  proximity  to 
saturation.  For  example,  an  atmosphere  saturated  at  10^  C.  will  be 
not  nearly  saturated  at  20°  C,  although  the  quantity  of  vapour  in  it  is 
exactly  the  same  at  the  latter  temperature  as  at  the  former.  Heating 
an  atmosphere  lessens  the  fraction  of  saturation,  and  cooling  increases 
it  if  the  quantity  of  vapour  in  the  atmosphere  be  kept  constant'  Tlie 
fraction  of  saturation  is  often  referred  to  as  the  humidity^  or  relative 
humidity  of  the  air,  since  our  sensations  of  dryness  and  dampness 
depend  rather  upon  this  factor  than  upon  the  absolute  quantity  of 
vapour  present.  Thus  in  winter  the  humidity  of  the  air  is  generally 
much  greater  than  in  summer,  although  the  quantity  of  vapour  present 
in  the  winter  may  be  much  less,  on  account  of  the  lower  temperature, 
than  in  summer. 

The  fraction  of  saturation  may  also  be  expressed  as  the  ratio  of 
the  weight  vj  of  vapour  contained  in  a  given  space  to  the  weight  W 
of  the   quantity  which   would  saturate  the  same  space  at  the  same 

^  [Tliis  ief»Ms  only  to  states  of  stable  eqiiilibriuui.     Su]>ersatu ratio u  is  possible, 
but  tlic  condition  is  unstable  (Art.  214).] 
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3mperature.  For  if  the  vapour  obeys  Boyle's  law  up  to  the  point  of 
ituration  (which  is  approximately  the  case),  then  the  weight  contained 
1  a  given  volume  is  simply  proportional  to  the  pressure,  and  we  have 
he  equation 

w"f' 

t  thus  appears  that  two  general  methods  are  available  for  determining 
he  fraction  of  saturation,  or  humidity,  of  the  atmosphere.  One  by 
scertaining  directly  the  weight  w  of  vapour  in  a  measured  volume  of 
ir,  and  then  ascertaining  from  Regnault's  tables  the  weight  W  of 
apour  which  would  saturate  the  same  volume  at  the  same  tempera- 
ure.  This  is  the  method  practised  in  the  chemical  hygrometer. 
The  other  method  consists  in  determining  the  actual  pressure  /  of  the 
^apour  in  the  air,  and  then  ascertaining  the  maximum  pressure  F  at 
he  same  temperature,  from  the  tables  of  vapour  pressures.  This  is 
,he  method  practised  in  all  dew-point  instruments. 

226.  The  Dew-Point — If  an  atmosphere  containing  some  aqueous 
rapour  be  gradually  cooled,  a  temperature  will  be  reached  at  which 
,he  vapour  will  begin  to  condense.  This  temperature  is  called  the 
lew-point.  It  is  obviously  the  temperature  at  which  the  quantity  of 
vapour  actually  present  would  saturate  the  air,  and  it  depends  there- 
'ore  only  on  the  absolute  quantity  of  vapour  present  per  unit  volume. 

When  the  dew-point  is  known,  the  pressure  /  of  the  vapour  in  the 
tir  can  be  found  at  once.  For  suppose  we  have  a  body  A,  the  tem- 
perature of  which  can  be  gradually  reduced.  As  the  temperature  of 
A  falls  a  point  will  be  reached  at  which  dew  will  begin  to  be  de- 
posited on  its  surface.  Hence  at  this  temperature  the  vapour  around 
the  body  A  is  at  its  maximum  pressure,  for  at  this  temperature  and 
under  this  pressure  (namely  /,  the  vapour  pressure  sought)  condensa- 
tion is-  taking  place.  The  actual  pressure  of  the  vapour  in  the  air  is 
therefore  equal  to  that  which  would  bring  it  just  to  the  condensing 
point  at  the  temperature  of  the  dew-point.  In  other  words,  the  actual 
pressure  of  the  vapour  is  equal  to  its  maximum  pressure  at  the  tem- 
perature of  the  dew-point.  If,  therefore,  the  dew-point  is  known,  the 
maximum  pressure  for  this  temperature  can  be  found  in  the  tables  of 
vapour  pressures,  and  this  is  the  actual  pressure  /  of  the  vapour  in  the 
air.  The  fraction  of  saturation  then  will  be  the  ratio  of  the  maximum 
vapour  pressure/  at  the  dew-point  to  the  maximum  pressure  F  at  the 
temperature  of  the  air. 

[The  above  reasoning  would  not  hold,  if  the  vapour  pressure  were 
appreciably  altered  by  cooling  the  air  to  the  dew-point.  When  moist 
air  is  cooled  under  constant  atmospheric  pressure  it  contracts,  and  if 
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the  air  and  water  vapour  still  support  the  same  proportions  of  the 
total  pressure  as  before,  their  coefficients  of  expansion  must  be  equsL 
This  is  approximately  the  case.     See  Dalton's  law,  Art.  224.] 

227.  Dew-Point  Hygrometers. — All  dew-point  hygrometen  are 
merely  instruments  for  determining  the  dew-point,  and  depend  in  cod- 
struction  on  some  method  of  cooling  a  body  gradually  in  the  air  till 
dew  begins  to  be  deposited  on  it  In  the  construction  of  such  an  in- 
strument the  two  objects  to  be  kept  in  view  are :  (1)  an  accurate  menu 
of  determining  the  instant  at  which  dew  begins  to  be  deposited,  ud 
(2)  an  exact  knowledge  of  the  temperature  of  the  surface  when  the 
deposition  of  dew  just  begins. 

A  phenomenon  commonly  observed  in  dining-rooms  is  the  deposi- 
tion of  moisture  on  the  surface  of  a  glass  containing  cold  water. 
AVhen  water-carafes  are  filled  with  cold  water  and  placed  on  the  taUe 
of  a  warm  dining-room,  it  often  happens  that  their  sorfaoei 
become  covered  with  a  deposit  of  dew  which  sometimes  accumulates 
to  such  an  extent  that  drops  of  liquid  trickle  down  the  sides  of  the 
vessel.  This  happens  because  the  temperature  of  the  water  is  loww 
than  the  dew-point  of  the  air  in  the  room,  and,  as  a  consequence,  the 
vapour  condenses  on  the  surface  of  the  carafes  or  water-glasses,  and 
continues  to  do  so  till  the  temperature  of  the  water  rises  to  the  dew- 
point.  If  the  temperature  of  the  water  were  noted  when  it  is  jiwt 
cold  enough  to  produce  condensation,  we  should  then  have  the  dew- 
point,  and  thence  the  fraction  of  saturation. 

A  similar  condensation  occurs  on  the  surface  of  a  tumbler  contain- 
ing water  in  which  some  ice  is  placed.  If  the  ice,^  or  ice-cold  water 
were  carefully  added,  the  temperature  could  be  gradually  reduced  to 
the  dew-point  and  an  observation  made.  The  temperature  of  the  water 
when  the  dew  is  first  observed  will  be  somewhat  below  the  correct  dew- 
point,  for  when  the  dew  is  observed,  it  means  that  the  condensation  has 
started  some  time  previously.  A  correction  may,  however,  be  applied  by 
taking  a  second  reading  of  the  temperature  when  the  water  is  allowed 
to  stand  till  the  dew  disappears  from  the  surface  of  the  glass.  During 
this  period  the  temperature  of  the  water  rises  by  radiation  from  the 
warm  chamber,  and  as  soon  as  it  exceeds  the  dew-point,  evaporation 
occurs  at  the  surface  of  the  glass  and  continues  till  all  the  previously 
deposited  dew  disappears.  The  temperature  of  the  surface  at  which 
this  occurs  is  somewhat  above  the  dew-point.^  The  mean  of  the  two 
is  therefore  taken  as  the  dew-point. 

^  This  was  the  method  first  suggested  by  Le  Roi  in  1771  ;  see  also  Daniells 
Meieoi'oloyicnJ  Essatjs  and  ObservatiojiSy  London,  1823. 

-  The  temperature  of  the  water  within  the  glass  may,  however,  be  still  below  the 
dew-point. 
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A  glass  vessel  la,  however,  not  good  for  making  bucIi  an  experiment 
ecause  glass  is  not  a  good  conductor  of  heat.  For  this  reason,  when 
he  temperature  of  the  water  is  falling,  the  oiiteide  surface  of  the  glass 
rill  always  be  warmer  than  the  water,  and  when  the  water  is  rising 
a  temperature,  the  outside  surface  of  the  glass  will  be  again  warmer 
ban  the  water  if  we  suppose  the  heat  to  pass  through  the  glass  to 
he  water,  as  always  occurs  in  the  dew-point  inatrumentB  employed. 
^e  thicker  the  glass  and  the  more  badly  it  conducts,  the  greater  will 
le  the  errors  thus  introduced.  For  this  reason  a  thin  metallic  vessel 
rill  be  much  better  suited  for  the  purposes  of  the  experiment.  Silver 
]  one  of  the  very  best  conductors  of  heat,  and  its  surface  takes  a 
■esutiful  polish,  on  which  the  slightest  deposition  of  dew  can  be  easily 
lOticed,  especially  if  a  similar  silver  vessel,  on  which  no  dew  is  de- 
•osited,  be  placed  beside  it  for  the  sake  of  comparison,  'lliis,  in  fact, 
)  tbe  principle  of  Kegnault's  dew-point  hygrometer,  which  will  be 
[escribed  immediately.  Indeed,  a  single  thin  polished  cup,  the  mouth 
if  wliich  is  covered  or  closed  by  a  cork,  could  be  used  for  determining 
he  dew-point  with  rapidity,  and  probably  with  greater  accuracy  than 
ome  of  the  more  elaborate  apparatus  invented  for  the  purpose.  Ice- 
old  water  could  be  siphoned  as  elowly  as  desired  into  tbe  cup  from 
Jiotfaer  closed  vessel,  so  that  the  air  would  not  be  aSected  by 
ivaporation  from  any  exposed  liquid,  and  the  temperature  of  the  cup 
ould  be  thus  varied  by  small  amounts  at  the  dew-point,  and  its 
Kraition  could  be  repeatedly  fixed. 

228.  Daniell's  Hygrrometer. — One  of  the  oldest  and  most 
ibjectionable  forms  of  direct  dew-point  hygro- 
neters  is  that  invented  by  Daniell.^  This  in- 
trument  (Fig.  127)  consists  of  a  bent  glass  tube 
umished  with  a  pendent  bulb  at  each  end.  One 
>l  these  A  is  naked  and  made  of  black  glass. 
This  bulb  contains  some  ether,  in  which  the  bulb 
jf  a  very  sensitive  thermometer  dips.  All  air  . 
is  expelled  from  the  apparatus  )>y  boiling  the 
sther  prei-ious  to  closing,  so  that  it  contains  only 
nhe  volatile  liquid  ether  and  its  vapour.  The 
other  bulb  B  is  made  of  ordinary  glass  and  covered  with  a  muslin  or 
linen  bag. 

In  making  an  experiment  the  ether  is  all  passed  into  the  naked 
bulb,  and  the  bag  covering  the  other  is  moistened  with  ether.  The 
evaporation  of  this  cools  the  covered  bulb  and  causes  condensation  of 
Lhe  vapour  within.     This  gives  rise  to  evaporation  of  the  liquid  in 

'  Daniell,  Mctcori.lmjieal  K.wxin  mid  ('hafrmlioa.i,  Loiuloii,  1827. 
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the  naked  bulb  and  consequent  cooling.  The  temperature  of  the 
naked  bulb  thus  gradually  falls,  and  by  carefully  watching  its  surface, 
the  temperature  at  which  dew  first  appears  can  be  noted.  This 
temperature  is  given  by  the  thermometer  within  the  bulb.  The 
apparatus  is  now  allowed  to  stand  till  evaporation  ceases,  and  its 
temperature  begins  to  rise  again.  The  deposit  of  dew  soon  disappears, 
and  the  temperature  at  which  this  occurs  is  also  noted.  The  mean  of 
these  two  temperatures  is  usually  taken  as  that  of  the  dew-point 
The  temperature  of  the  surrounding  air  is  given  by  a  thermometer 
attached  to  the  stem  of  the  instrument  The  naked  bulb  is  made 
of  black  glass  in  order  to  facilitate  the  observation  of  the  deposition 
of  dew,  but,  as  already  remarked,  glass  is  a  bad  conductor, 
and  consequently  the  temperature  indicated  by  the  thermometer 
within  the  bulb  may  differ  considerably  from  that  of  the  external 
surface  of  the  bulb  at  the  instant  the  dew  appears  or  disappears.  In 
both  cases  the  temperature  of  the  external  surface  is  what  is  wanted, 
and  in  both  cases  this  will  be  higher  than  that  of  the  liquid  within, 
for  the  liquid  within  is  colder  than  the  atmosphere,  and  throughout 
the  whole  experiment  the  flow  of  heat  is  from  without  inwards. 

In  tins  instrument  the  evaporation  takes  place  at  the  surface  of  the 
liquid,  and  as  the  liquid  mass  is  at  rest,  the  surface  layer  will  always 
be  colder  than  the  lower  parts.  Dew  will  consequently  be  deposited 
first  at  the  level  of  this  layer,  and  if  the  bulb  of  the  thermometer  be 
plunged  below  the  surface,  the  tempemture  indicated  by  it  will  be 
too  high.  The  presence  of  the  observer  close  to  the  apparatus  is  objec- 
tionable, and  in  addition  the  rate  of  evaporation  cannot  be  sufficiently 
controlled.  The  pollution  of  the  air  by  the  evaporation  of  ether  from 
the  covered  bulb  is  also  objectionable. 

229.  Dines's  Hygpometer. — A  more  recent  and  less  objectionable 
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form  of  dew-point  instrument  is  that  invented  by  Dines  (Fig.  128). 
This  consists  of  a  vessel  A,  fitted  with  a  pipe  through  which  cold  water 
can  flow  into  a  double  chamber  I).  This  chamber  contains  the  bulb 
of  a  delicate  thermometer,  and  is  closed  above  by  a  plate  of  black 
glass  (or  silver,  which,  for  the  reasons  already  mentioned,  is  l>etter). 
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Previoua  to  the  experiment,  the  cfaamber  D  is  full  of  water  at  the 
temperature  of  the  air,  and  some  cold  water  or  ice  and  water  is  placed 
in  A.  The  tap  B  is  then  opened  bo  as  to  allow  the  cold  water  to  flow 
slowly  into  D.  The  temperature  of  this  chamber  is  thus  gradually 
reduced,  and  when  sufliciently  cooled,  a  deposit  of  dew  appears  on  the 
surface  of  the  glass  plate.  The  thermometer  is  then  read,  aud  the 
flow  of  water  stopped.  The  dew  soon  disappears  and  the  temperature 
is  again  noted,  the  mean  of  tlie  two  temperatures  being  taken  as  before 
to  represent  the  dew-point.  The  operation  may  be  repeated  again  as 
often  as  desired,  while  any  water  remains  in  A  at  a  temperature 
lower  than  the  dew-poiat.  Tlie  observation  of  the  deposition  of  dew 
on  the  glass  plate  may  be  facilitated  by  viewing  it  by  means  of  a 
beam  of  light  reflected  from  its  surface.  As  soon  as  any  dew  is 
deposited  the  surface  becomes  dulled,  and  the  intensity  of  the  reflected 
beam  is  greatly  reduced.  An  adjacent  plate  on  which  dew  is  not 
deposited  would  facilitate  the  determination  of  the  instant  at  which 
dew  is  deposited  on  the  other  plate  by  comparison,  as  in  the  case  of 
Eegnault's  hygrometer,  which  we  shall  now  describe. 

280.  Begrnaolt's  Hyerrometer. — A  more  perfect  form  of  dew-point 
instrument  is  that  devised  by  Regnault,'  and 
employed  in  bis  studies  in  hygrometry.  The 
easential  part  of  the  apparatus  is  a  glass  tube 
D  (Fig.  129)  open  at  both  ends,  to  the  lower 
end  of  which  a  thin  polished  silver  thimble 
is  attached.  This  thimble  contains  ether  or 
some  other  volatile  liquid,  such  as  alcohol. 
The  upper  end  of  the  tube  is  closed  air-tight 
by  a  cork,  through  which  pass  the  stem  of  a 
thermometer  T  and  an  open  piece  of  bent 
glass  tubing  A,  the  lower  end  of  which  pene- 
trates nearly  to  the  bottom  of  the  liquid 
contained  in  the  thimble.  A  tubulure  in  the 
side  of  this  tube  fits  into  a  vertical  brass  tube 
which  forms  the  support  of  the  apparatus. 
The  lower  end  of  this  brass  tube  is  connected 
with  an  aspirator,  by  means  of  which  a  current 
of    air    can    be    drawn    through  the  system, 

entering  by  the  bent  glass  tube  A  and  babbling  throiigli  the  ether. 
By  this  means  evaporation  of  the  liquid  is  produced  with  consequent 
Eooling,  and  dew  is  deposited  on  the  surface  of  the  polished  silver, 
[n  order  to  facilitate  the  observation  of  this,  a  second  tube  E  with  a  similar 
'  Beg«l*uU,  A>in.  rf?  ChimU  el  dt  Phusiquc,  3',  torn.  xv.  p.  128,  1846. 
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thimble  is  supported  beside  that  just  described.  This  tube  is  empty, 
and  merely  carries  a  thermometer  t  which  gives  the  temperature  of 
the  air.  Thus  by  comparison  of  the  two  silver  thimbles  the  momeDt 
at  which  the  dew  appears  or  disappears  can  be  ascertained  with  great 
delicacy.  The  aspirator  is  placed  at  a  convenient  distance,  and  the 
apparatus  is  viewed  through  a  telescope,  also  situated  at  a  distance. 
The  air  around  the  apparatus  is  thus  undisturbed  by  the  breath  and 
presence  of  the  observer,  and  the  flow  of  liquid  through  the  aspirator 
can  be  so  nicely  controlled  that  the  temperature  at  which  the  dew 
appears  will  be  almost  exactly  the  same  as  that  at  which  it  disappears. 
If  the  aspirator  is  controlled  with  great  delicacy,  the  dew  may  be 
even  made  to  appear  and  disappear  without  any  observable  change 
in  the  reading  of  the  thermometer.  The  process  of  cooling  by  tiie 
bubbling  of  air  through  the  ether  is  a  great  advantage,  for  by  this 
means  the  liquid  is  kept  well  stirred  and  at  a  uniform  temperature 
throughout.  This  is  the  temperature  registered  by  the  thermometer, 
and  it  cannot  differ  very  sensibly  from  that  of  the  surface  on  which 
the  dew  is  deposited,  since  the  thimble  is  thin  and  a  good  conductor. 
The  other  obvious  advantages  of  the  method  are  the  absence  of  the 
observer  from  the  neighbourhood  of  the  apparatus,  and  the  dehcacy 
with  which  the  flow  from  the  aspirator  can  be  controlled. 

231.  [Cpova's  Hygrometer.^ — The  dew-point  instruments  described 
in  the  preceding  articles  are  not  suited  for  use  in  the  open  air  except 
in  calm  weather.  When  the  air  is  still  the  layer  immediately  in 
contact  with  the  cooled  metallic  surface  may  no  doubt  be  in  thermal 
equilibrium  with  the  latter,  even  though  it  is  surrounded  by  layers  of 
warmer  air,  since  air  is  a  bad  conductor ;  but  in  a  fresh  breeze  the 
constant  renewal  of  the  air  prevents  its  attaining  the  dew-point  unless 
the  instrument  is  cooled  to  a  considerably  lower  temperature.  On 
this  account  these  hygrometers,  when  used  in  the  open  air,  give 
results  which  do  not  agree  with  those  of  the  chemical  hygrometer  and 
are  even  very  discordant  amongst  themselves.  The  hygrometer, 
invented  by  M.  Crova,  avoids  this  defect  and  affords  very  consistent 
indications. 

Fig  130  gives  a  general  view  of  the  instrument,  a  section  of  which 
is  shown  in  Fig.  131.  efyh  is  a  tube  of  thin  brass,  nickel-plated 
inside  and  carefully  polished.  The  end  ff  is  closed  by  a  disc  of 
ground  glass  which  is  illuminated  by  daylight  or  by  a  lamp,  and 
which  is  viewed  through  a  lens  gh  (Fig.  132),  which  closes  the  other 
end  of  the  tube.     The  image  of  the  window  ef,  seen  by  reflection  in 

^  Mem.  lie  V Acrid,  cfes  Sri.  rt  Leftres  dc  MontpellUr^  torn.  x.  p.  411,  1883. 
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the  potiahed  aides  of  the  tube,  appeani  as  an  annuUr  ring  of  light 
KJf  of  three  times  the  diameter  of  ef. 

Air  can  be  slowly  drawn  through  the  braas  tube  by  compressing 
and  slowly  releasing  the  indianibber  ball  (Fig.  130),  and  if  the  tube 
is  cooled  to  the  dew-point,  the  deposition  of  dew  is  immediately 
indicated  by  the  darkening  of  the  reflected  image  of  ef. 

In  order  to  regulate  the  temperature  of  the  tube,  the  latter  ie 


surrounded  by  a  brass  box  ahcd  containing  bisulphide  of  carbon, 
through  which  air  can  be  blown  from  the  mouth  by  means  of  a  rubber 
tube  fitted  to  the  tubulure  T.  M.  Crova  prefers  carbon  bisulphide 
to  ether,  because  it  is  more  readily  obtained  pure,  and  also  does  not 
boil  in  hot  weather.  Ordinary  commercial  ether  contains  water  and 
alcohol,  which  are  left  behind  when  the  ether  evaporates.  But  it  is 
possible  to  attain  a  lower 
temperature  with  ether  than 
with  carbon  bisulphide.  A 
thermometer  graduated  in 
fifths  of  a  degree  dips  into 
the  liquid,  and  is  in  contact 
with  the  brass  tube.  A 
blackened  screen  KE'  pro- 
tects the  eye  from  cxtemiil  light,  it'  is  a  rubber  disc  insulating  the 
brass  box  from  its  stand,  through  which  heat  might  otherwise  be 
conducted. 
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The  advantage  of  ibis  hygrometer  ie  that  the  whole  of  an  encloted 
volume  of  air  ia  cooled  to  the  temperature  of  the  dew-point,  and  dut 
it  is  unaffected  by  draughts.  By  attaching  a  long  tube  to  the  opening 
t,  the  air  experimented  on  can  be  drawn  from  a  point  out  of  reach  of 
the  influence  of  the  observer  or  of  contamination  by  the  vapour  of 
carbon  bisulphide.  It  can  easily  be  regulated  so  that  the  appeuvnce 
and  disappearance  of  dew  are  within  0°1  C.  of  each  other.] 

2S2.  The  Cbemieal  Hytrrometer. — The  fraction  of  saturation  qmt 
he  obtained  by  the  direct  determination  of  the  weight  of  vapour  con- 


tairii'd  in  a  mcitsiirci]  volume  of  the  air.  This  method  seems  to  b«Te 
been  first  employed  by  Brunncr,'  and  it  tuaves  nothing  to  be  dearwi 
ill  point  of  itccuracy.  The  air  is  drawn  by  means  of  an  aspirator 
CIH"  (Fifi.  i;!;!)  through  a  series  of  ilrying  tubes  filled  with  fragmencs 
of  [initiii-e-stimo  soiikcrl  in  sulphuric  acid,  where  all  the  moisture  is 
dcpa-iited  am]  the  dry  air  iiione  arrives  in  the  aspirator.  The  U*t 
tube,  viz,  that  next  the  aspirator,  is  intended  to  absorb  any  vapour 
whieh  may  come  from  the  aspirator.  The  remaining  tubes  sre 
weighed   Iwfore  and  iifter  the  cxi>eriment,  the   difference  of  weigh' 

'  ISniiilier,  ^iin.  ih-  Cliimi'-  et  de  Ph<mtine.  3',  torn.  iii.  \\  305.  1841. 
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ing  the  weight  of  vapour  deposited.  This  is  the  weight-  of  vapour 
tained  in  a  volume  Y  of  air  as  registered  by  the  aspirator.  This 
lot  the  volume  which  the  same  mass  occupied  in  the  atmosphere 
ore  being  drawn  through  the  tubes.  In  the  aspirator  it  is 
iirated  with  vapour  at  its  maximum  pressure  F,  corresponding  to 

temperature  0  of  the  aspirator.  This  is  given  by  a  thermometer 
srted.  In  the  air  this  mass  contained  vapour  at  some  unknown 
ssure  /  and  teniperature  ^.  The  problem  then  is  to  find  the 
ume  V  at  pressure  H  -/  and  temperature  $'  of  a  mass  of  air 
oee  volume  is  V  at  pressure  H  -  F  and  temperature  $.     This,  by 

formula  vp  =  R(l  +  a6\  is 

IS,  then,  is  the  volume  of  the  vapour  drawn  in,  and  its  mass  is  w. 
isequently  we  have 

?<;  =  V>=0-001293x 0-622,  ^  ^  •  ^*^- 
^  1+0^/60 

3  equation  for/,  the  actual  pressure  of  the  vapour  in  the  air,  is 

H-F  /        V 


?r  =  0-0008x 


H-/  760     l+o^ 


760m7H(1+o^) 
-^    760i<7(l  +  o^)  +  0 -0008 V(H  -  F; ' 

J  humidity  is  w/W,  where  W  is  the  weight  of  water  vapour  which 
lid  saturate  a  volume  V  at  the  temperature  of  the  air.  W  can  be 
nd  from  Regnault's  tables.  This  method,  although  possessing  the 
antage  of  depending  ultimately  on  a  weighing,  which  is  the  most 
urate  process  in  physical  investigation,  is,  nevertheless,  exceedingly 
ious  in  practice.  It  is  not  suited  besides  to  indicate  rapid  changes 
the  hygrometric  state  of  the  air,  but  rather  measures  the  mean 
lie  of  the  humidity  during  the  time  of  the  experiment.  In  this 
pect  it  is  analogous  to  a  voltameter  which  measures  the  mean  value 
an  electric  current  during  a  certain  period.  Whereas,  a  dew-point 
irument  by  its  rapidity  of  action  will  indicate  faivly  well  the  con- 
lous  changes  of  humidity.  These  instruments  then  possess  in  a 
ater  degree  the  property  of  being  continuous  registers  of  humidity 
galvanometers  are  continuous  registers  of  the  strength  of  electric 
rents.  The  continuity  is  not,  however,  complete ;  but  we  shall 
r  consider  a  cjass  of  instruments  which  are  continuous  in  their 
on. 
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233.  HygTOSCopes,  or  Empiric  Hygrometers. — Any  inatnimsiit 
which  indicateB  changes  in  the  humidity  of  the  air  is  called  ■ 
hygroBcope.  Many  substancea  poasesa  the  property  of  ahaorfaiiig 
moisture  from  the  air  or  surrounding  bodies,  and  auch  BubBtances  nt 


Siiiil  to  lie  hygi'oscopic'  Most  siibstrtiices  consisting  of  organic  tissue 
are  liygroscopic  and  chiinge  their  length  when  they  absorb  or  part 
with  in(nstur(j.  Siii-li  substitiiccs  besides  do  not  change  much  with 
change  of  temperature  ;  their  changes  of  volume  depepd  chiefly  on 
moisture.  Thus  it  is  well  known  that  ropes  and  catgut  strings  grow 
shorter  when  moistened,  anil  the  same  is  true  of  twisted  strings  id 


'  Tliu  bfliavioiir  of  viirioiis  liygroiuiitric  substancea  lias  lieen  investigated  by 
H.  Ilufoiir  iHeiWi/lrr  rf.r  /■A.tfs./-,  Ko.  Vll.,  1SS7  ;  or  I'liH.  Mag.,  vol.  iiiT.  p.  296. 
1SS7),  KpnotitiB  tliu  ratio  nf  llie  wi'iglil  of  aqueous  vapour  absorbed  to  the  weiglH 
of  the  dry  siilwtuiii^e  l>y  o,  mid  the  torllicieiit  of  hygroiiietric  ex(>aiiaioii  by  ^— thii 
is,  X\\e  total  vii|>aiiKioii  wiiich  u  li:ir  of  unit  Iciiglli  of  the  substance  undergoes  vhcn 
it  baa  sbsorlH-i|  the  muMinuni  amount  of  ai|ueoua  vajiour— lie  Gnds 


Honi(lUmt».  ihk'k) 

010                  0-061 

C'lalinR 

0-3J                  0-108 

GoiaU'ater's  skin 

0-J3                  0-060 

waiif,.  is  thiit  nhid,  he  ni^ 

it  stnitiKly  recommends. 
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general  as  the  twisted  fibres  swell  when  wet.  It  is  for  this  reason 
that  fiddle -strings  and  tightly -strung  tennis -bats  often  fracture  in 
damp  weather.  A  hair,  on  the  other  band,  increases  its  length  when 
moistened,  and  this  fact  was  first  utilised  by  de  Saussure^  in  the 
construction  of  a  hygroscope. 

A  hair  is  ordinarily  covered  with  a  film  of  oil  which  protects  it 
from  the  action  of  moisture.  In  oi'der  to  render  it  sensitive  to  changes 
of  humidity,  all  the  surface  grease  should  be  removed  by  boiling  for 
about  half  an  hour  in  a  solution  of  carbonate  of  soda,  in  which  it  is 
then  allowed  to  cool.  The  hair  is  now  ready  to  act  as  a  hygroscope, 
and  should  not  be  handled  or  roughly  used.  One  end  A  (Fig.  134) 
of  it  is  fixed,  and  the  other  extremity,  after  passing  round  a  small 
pulley  G,  is  attached  to  a  light  spring  or  a  small  weight  p  which  keeps 
the  hair  stretched.  When  the  hair  contracts  or  elongates  the  wheel 
rotates,  and  a  hand  attached  to  it  moves  over  a  scale  and  indicates 
roughly  the  relative  humidity  of  the  air.  The  scale  may  be  graduated 
by  direct  comparison  with  a  dew-point  instrument.  De  Saussure's 
instrument  has  been  modified  by  Monnier,  so  that  the  hair  passes  round 
four  pulleys  (Fig.  135)  situated  on  a  circular  dial,  and  is  kept  stretched 
by  being  attached  to  a  light  spring.  The  instrument  in  this  form  is 
portable.  The  indications  of  hair  hygrometers  are,  however,  very 
variable,  and  their  use  has  been  abandoned  in  this  country  for  all 
scientific  purposes.  The  work  of  Regnault  ^  conclusively  proved  that 
no  rule  could  be  laid  down  for  the  graduation  of  such  instruments, 
for  not  only  do  different  instruments,  graduated  and  prepared  in  the 
same  way,  differ  in  their  indications,  but  each  instrument  is  not 
self-consistent 

234.  The  Wet  and  Dry  Bulb  Hygrometer. — This  instniment  is 
that  which  is  almost  universally  used  for  continuous  records  of 
humidity,  and  depends  in  principle  on  the  cooling  produced  by 
evaporation.  It  seems  to  have  been  first  proposed  by  Sir  John 
Leslie,*  who  converted  his  differential  thermometer  into  a  hygrometer, 
by  keeping  one  of  the  bulbs  moist  and  the  other  dry,  and  noting  the 
difference  of  temperature. 

The  instrument  as  generally  used  consists  of  two  exactly  similar 

*  De  Sau88ure  ( Horace- Ben(5dict),  Essai  sur  V Hygroin4triCy  Xeuchatel,  1783. 

*  Regnault,  Ann.  de  Chimie  et  de  Physique^  3«,  torn.  xv.  p.  141,  1845. 

'  It  was  subsequently  introduced  by  Mason,  and  is  often  called  Mason's  hygro- 
meter in  this  country,  and  August's  psychrometer  on  the  Continent.  It  was  known 
to  Muschenbroek  that  a  thermometer  with  a  wet  bulb  always  indicates  a  lower 
temperature  than  one  which  is  dry,  and  Hutton,  the  geologist,  is  reputed  to  have 
used  a  wet  bulb  thermometer  as  a  hygrometer. — Leslie  (Nicholson's  Journal  of  Nat. 
Phil,  voL  ilL  p.  461). 
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delicate  thermometers  B  and  C  (Fig.  136),  the  bulb  of  one  being  kep 

moistened  by  means  of  a  cotton  vich  or  film  of  muslin  surroundiuf 

the  bulb  and  dipping  in  a  small  covered  vessel  of  water  placed  80m< 

inches  to  the  side.     The  other  thermometer  is  placed  on  the  sami 

stand  and  registers  the  temperature  of  the  air 

Evaporation  takes  place  more  or  less  rapidly  from 

the  damp  cotton,  and  the  bulb  of  the  tbermo 

meter  which    it    covers    is  cooled   more  or    leu 

according  to  the  humidity  of  the  air.     If  the  oil 

is  saturated  with  vapour  no  evaporation  will  take 

place,  and    the    two  thermometers  indicate  thf 

same  temperature. 

The  power  of  the  wick  to  keep  up  the  supplj 
of  moisture  is  much  improved  by  boiling  it  in  i 
solution  of  carbonate  of  soda  to  remove  all  grease, 
but  in  frosty  weather  the  supply  may  be  com' 
pletely  cut  off  by  the  freezing  of  the  water.  An 
objection  to  the  instrument  is  the  difficulty  ol 
managing  it  in  frost.  In  this  case,  when  th( 
wick  ceases  to  act,  the  bulb  must  be  moistened 
before  making  an  observation,  and  some  timt 
allowed  for  freezing  and  subsequent  evaporatior 
from  the  ice. 

In  an  instrument  like  this,  whose  indication! 
■  depend  upon  so  many  complex  circumstances,  il 
seems  impossible  to  deduce  any  theoretic  formula 
connecting  the  difference  of  temperature  of  the  twc 
thermometers  with  the  corresponding  hygrometric  state  of  the  air 
The  problem  has  been  attacked  with  partial  success  by  severa 
scientists,  and  was  proposed  for  consideration  by  the  British  Associa 
tion  on  the  occasion  of  its  first  meeting  held  at  York.  For  this  reasor 
tables  have  been  compiled  by  Glaisher '  which  give  the  dew-poini 
corresponding  to  any  ditference  of  reading  between  the  thermometers 
These  tables  were  constructed  by  comparing  the  reading  of  the  wel 
and  dry  bulb  hygrometer  with  simultaneous  determinations  of  thi 
dew-point  taken  by  means  of  a  Daniell's  hygrometer  for  a  long  series 
of  years  at  Greenwich  Observatory,  together  with  a  corresponding 
series  taken  in  India  and  at  Toronta  According  to  these  tables,  tht 
Bale,  difference  between  the  dew-point  and  the  wet  bulb  reading  bears  t 
constant  ratio  to  the  difference  of  reading  of  the  two  thermometert 
e  of  the  Dry  ud  Wet  Bull 
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en  the  temperature  of  the  dry  bulb  thermometer  remains  constant 
53""  F.  the  reading  of  the  wet  bulb  thermometer  is  the  arithmetic 
sin  between  the  dew-point  and  the  temperature  of  the  air,  or  dry 
b  thermometer.  At  higher  temperatures  the  reading  of  the  wet 
b  is  lower  than  this  mean,  and  at  lower  temperatures  it  is  higher. 

235.  Apjohn's  Formula. — A  formula  connecting  the  pressure  of  the  vapour  in  the 
with  the  readings  of  the  wet  and  dry  bulb  thermometers  has  been  deduced  on 
ain  assumptions  by  Dr.  Apjohn.^  If  the  temperature  of  the  wet  bulb  is 
ionary,  the  liest  necessary  to  sustain  the  evaporation  must  be  equal  to  that 
plied  by  other  sources.  Let  0i  be  the  temperature  of  the  dry  bulb,  that  is  the 
perature  of  the  atmosphere,  and  $2  that  of  the  wet  bulb.  Then  $2  is  less  than  ^j, 
hilt  the  wet  bulb  receives  heat  by  radiation  from  surrounding  objects  at  a  rate 
portional  to  (dj  -  ^2).  Dr.  Apjohn  assumed  that  the  thin  layer  of  air  in  contact 
ti  the  wet  bulb  at  any  Instant  falls  from  $1  to  6^,  and  that  this  cooling  furnishes 
whole  supply  of  heat.  It  is  next  assumed  that  this  layer  of  air,  which  approaches 
wet  bulb  at  a  temperature  6^  and  contains  vapour  at  a  pressure  /,  becomes 
irated  with  va])our  at  $2  and  pressure  Fg.  It  is  clear,  however,  that  in 
:tice  neither  of  these  couditions  will  be  realised.  On  these  assumptions,  however, 
heat  lost  in  any  time  is  that  which  will  evaporate  sufficient  water  at  $2  to 
irate  a  volume  v  of  air,  that  is  to  increase  its  vapour  tension  from/ to  F2,  while 
heat  gained  is  that  lost  by  the  same  volume  of  air  in  falling  from  ^1  to  $2.  Let 
M  the  weight  of  the  volume  v  of  air  at  zero  and  760  mm.  Then  the  weight  of 
same  volume  at  0^  and  pressure  H  will  be 

^=^     \    ;^  =  wH  (suppose), 

the  weight  of  an  equal  volume  of  vapour  at  pressure  (F^  -/)  and  temperature  6% 
be,  if  p  is  the  relative  density  of  aqueous  vapour, 

'^l+aOi    760         ''^   »   •'^ 

ice  the  quantity  of  heat  received  by  the  wet  bulb  will  be  W8{0i  -  $2)  and  that  lost 
be  Lir',  where  s  is  the  specific  heat  of  air  and  L  the  latent  heat  of  water  at  $2, 
«qiiently  for  etiuilibriura  we  have  the  equation 

Lw' =  ws{$i  -  $2)1 

f—  F2  -  (^1  -  ^2)t-» 

re/ is  the  actual  pressure  of  the  vapour  in  the  air,  and  Fj  the  maximum  vapour 
sure  at  the  temperature  B^  of  the  wet  bulb.     Using  the  values  of  the  quantities 

,  p  known  at  this  time,  Apjohn  found  the  coefficient  t~-^^ — ?r^  when   the 
'  ^  '      tj  j^p     87x30 

)erature  ^3  is  above  the  freezing  point,  so  that  the  formula  became 

B-t    —  Bn  H 


^-  ^2        u- 


1 


— » 


87        30 

hich  the  temperature  is  measured  in  degrees  Fahrenheit,  and  the  barometric 
ht  H  is  measured  in  inches.     Iklow  the  freezing-point  L  must  be  replaced  by  the 


^  A]>john,  Trails.  Hoy.  Irish  Academy^  vol.  xvii.  p.  275,  1834-35. 
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sum  of  the  latent  heats  of  liquefaction  and  vaporisation,  and  the  formula  becomes 

^1  ""  ^8  H 


/=F2- 


96     30 


It  has  been  assumed  above  that  a  volume  v  of  air  b  cooled  from  Oi"  to  0^^  but  iu 
the  actual  case  this  volume  of  air  contains  vapour  at  a  pressure/,  and  the  cooling  of 
this  vapour  from  $i°  to  O^"*  ought  also  to  be  taken  into  account.  This  factor  is  taken 
account  of  in  the  formula  deduced  by  Dr.  August,  but  otherwise  the  assumptions  are 
the  same  as  those  of  Apjohn.  The  radiation  from  surrounding  objects  is  n^lected 
by  both,  as  well  as  the  fact  that  the  air  is  probably  never  quite  saturated  by  contact 
with  the  wet  bulb.  For  this  reason  the  humidity  given  by  these  formulse  is  generallj 
too  great,  especially  in  dry  or  calm  weather.  In  calm  weather  this  is  probably  owing 
to  radiation,  which  elevates  the  reading  of  the  wet  bulb. 

286.  Augnst's  Formula.^ — If  the  supply  of  heat  at  any  time  arises  from  the 
cooling  of  a  volume  v  of  air  mixed  with  a  volume  v  of  vapour  at  pressure/,  then  as 
before  the  heat  absorbed  by  evaporation  is 

L«/  =  Lw/)(Fa-/)» 

while  that  supplied  will  be,  for  the  volume  v  of  air  which  is  at  0^  and  (H  -  F2),  and 
weight  Wi 

8Wi(ei  -  ^2)  =«ff(H  -  F2)(^i  -  ^2), 

and  for  the  same  volume  of  vapour  at  pressure/,  specific  heat  s\  and  weight  ir^ 

8'tPf^0l  -  02)=8'pmf{0i  -  ^j). 

Consequently  for  equilibrium  we  have 

Lp(Fa  -/)  =s(H  -  ¥^){0^  -  02)  +  8'fp(0^  -  0^), 
Hence 

/p[L  +  s'{e,  -  e^)]  --=  FJLp  -¥s{0^-  B;)]  -  sH(^i  -  0^\ 

from  which  we  have 

1  + '  {0,  -  ^,)      4  <^i  -  ^2) 

i  +  £(^i-^2)        i+\{0i-e,) 

and  observing  that  L  is  large  compared  with  s  or  s',  this  may  be  written  in  the 
approximate  form 

/=F2-'^(^.-^.i), 

which  is  the  same  as  that  deduced  by  Apjohn.     If  we  take  s  =  0*237,  p  =  0*622,  and 
L  =  600,  we  find 

/=  Fa- 0*000635(^1 -^2)H (1) 

when / and /j  are  measured  in  the  same  units  as  H,  namely  millimetres,  and  0^  and 
02  in  degrees  centigrade. 

The  action  of  this  hygrometer  was  carefully  investigated  by  Regnault,^  who 
found  that  its  indications  were  seriously  affected  both  by  radiation  and  by  the 
velocity  of  the  wind.     Thus  if  the  two  thermometers  are  placed  in  a  tube  in  a 

*  [August's  investigation  was  published  in  Poggeiuiorfs  Anna/en^  1825  ;  but  the 
theoretical  discussion  of  the  conditions  of  the  wet  and  dry  bulb  hygrometer  had  beeu 
previously  given  by  Ivory  {Phil.  Mag,^  1822).] 

^  Regnault,  M^moire  sur  rHygrorndtrie,  Ann.  de  Chimie  et  de  Physique,  3*,  torn. 
XV.  p.  201,  1845. 
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current  of  dry  air,  we  have/=0,  since  the  air  is  dry  ;  consequently,  by  the  formula, 
^1  -  ^2  Mliould  be  proportional  to  Fa,  but  ^,  is  constant,  and  if  6^  falls,  0^  -  0^  increases, 
therefore  F^  should  increase,  which  is  iin|>o8sible,  since  Fa  decreases  with  dj.  The 
only  solution  then  is  that  02  should  remain  constant,  and  this  was  found  not  to  be 
the  case,  but  0i  -  0^  increased  largely  with  the  velocity  of  the  current. 

237.  [Bino's  Formala.^— The  numerical  constant  in  formula  (1)  of  the  preceding 
article  has  been  determined  by  many  physicists  by  comparison  with  the  chemical 
or  dew-point  hygrometer,  and  has  been  found  to  vary  greatly  under  different 
atmospheric  conditions.  This  apj)ears  to  lie  due  partly  to  the  insufficiency  of  the 
formula  to  represent  the  conditions,  and  partly  to  the  varying  behaviour  of  the  wet 
and  diy  bulb  hygrometer  and  of  the  instruments  used  for  comparison,  in  different 
states  of  the  weather.  A  special  form  of  ventilator  was  devised  by  Cantoni  to 
protect  the  hygrometer  from  the  influence  of  the  wind.  Using  this  form  of  instru- 
ment. Dr.  Hizzo  made  a  series  of  comparisons  with  Crova's  dew-point  hygrometer 
(Art.  231)  and  tried  several  theoretical  fonnulte  which  have  from  time  to  time  been 
suggested,  with,  however,  more  or  leas  divergent  results^.  Hut,  by  making  use  of 
the  empirical  formula 

/=  F^  +  AH(^,  -  02)  +  BH2(^i  -  0^f 

he  succeeded  in  obtaining  very  consistent  values,  <lifforing  at  most  by  about  1  or  2 
per  cent.     The  numerical  constants  are  given  by  him  as 

A=  -0-000749, 
8  =  0-0000000079.] 

1  Xhovo  Cimeiito,  p.  241,  Oct.  1897. 
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238.  Critical  Temperature — Experiment  of  Cagniard  de  la 
Tour. — When  the  temperature  of  a  liquid  contained  in  an  open  vessel 
reaches  a  certain  point,  depending  on  the  pressure  and  the  nature  of 
the  liquid,  boiling  sets  in.  This  ceases  to  be  the  case,  however,  when 
a  liquid  is  heated  in  a  closed  vessel.  Here,  at  any  given  temperature, 
the  space  above  the  liquid  becomes  filled  with  saturated  vapoiu",  the 
pressure  and  absolute  density  of  which  depend  on  the  temperature. 
As  the  temperature  rises,  the  average  kinetic  energy  of  the  molecules 
of  the  liquid  increases,  and  they  are  projected  in  increasing  numbers 
into  the  space  above,  so  that  the  pressure  of  the  vapour  increase 
Avith  the  temperature  ;  the  pressure  supported  by  the  liquid  at  any 
temperature  is  that  of  the  saturated  vapour  at  that  temperature,  and, 
as  a  consequence,  the  formation  of  bubbles  in  the  interior  of  the  liquid 
is  impossible.  Evaporation  proceeds  silently  without  ebullition  as  the 
temperature  rises  up  to  a  certain  point,  and  then  a  very  striking 
tninsformation  occurs.  The  meniscus  separating  the  vapour  and 
liquid  grows  indistinct  and  completely  disivppears ;  the  substance 
appears  no  longer  to  exist  in  two  distinct  states ;  the  whole  mass  has 
become  apparently  homogeneous  and  completely  vaporised.  The 
temperature  at  which  this  occui*s  for  any  substance  is  called  the  critical 
temperafnre  for  that  sul)stance,  and  the  corresponding  pressure  and 
specific  volume  are  similarly  termed  the  critical  piessure  and  criiml 
volume. 

This  silent  evaporation  of  a  liquid  in  a  sealed  tube,  and  the 
apparently  sudden  vaporisation  of  the  whole  mass  at  a  certain 
temperature,  was  first  shown  by  Cagniard  de  la  Tour.^  The  apparatus 
consisted  simply  of  a  bent  tube,  one  end  A  of  which  contained  air 
(Fig.  137)  to  indicate  the  pressure,  and  the  other  end  B  contained  the 

^  Cagiiiaiil  de  la  Tour.  AnnnUs  de  Chimv:  et  de  Physiq'ive,  2",  tomes  xxi.  xxil 
xxiii.,  1822-23. 
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liquid  to  be  experimented  oh.      Tlie  space  between  A  and  B  was  filled 

with  mercury.     If,  in  addition,  both  arma  are  graduated,  the  critical 

pressure  and  volume  may  be  determined  BimultaiieoHsly. 

At  low  t«mperatures  the  vapour  pressure  may  be  leaa       ,. 

than  that  caused  by   the  air  in  A  and  the  column  of 

mercury,  and  there  will  be  no   vapour  in    B.     As  the 

temperature  of  B  is  raised  the  vapour  pressure  increases, 

a  bubble  of  vapour  forms  in  B,  and  the  mercury  is  forced 

into  the  other  arm,   compressing  the   air   in  A.     The 

surface  of  ilemarcation  between  the  liijitid  and  vapour 

gradually  flattens  as  the  temperature  rises,   and  at  a 

certain   temperature   it   loses   its   curvature  altogether 

and  disappears.     The  whole  space  above  the  mercury  in 

B  now  appears  to  be  filled  with  vapour  only,  although 

the  total  volume  may  be  only  three  or  four  times  the 

initial  volume  of  the  liquid. 

This  transformation  might  have  been  suspected  as  a 
possibility  arising  from  the  diminution  of  surface  tension  with  rise  of 
temperature.  For  it  is  well  known  that  the  surface  tension  of  a  liquid 
dimimsbes  with  rise  of  temperature.  The  surface  tension  under  con- 
sideration here  is  that  of  a  liquid  in  contact  with  its  own  saturated 
vapour  (this  probably  is  the  case  always  presented),  and  if  it  goes 
on  diminishing,  a  temperature  will  presumably  be  possible  at  which 
it  will  vanish.  We  shall  then  have  no  capillarity  and  no  surface 
of  separation  between  the  liquid  and  vapour,  the  physical  meaning 
of  which  is  probably  that  they  mix  in  all  proportions,  or  that 
the  vapour  is  completely  soluble  in  the  liquid.  It  is  not  to  be 
concluded,  however,  that  the  liquid  and  vapour  become  identical 
in  all  respects  at  this  point ;  such  identity  may  or  may  not 
exist;  the  only  inference  we  can  draw  when  the  surface  tension 
vanishes  is  that  the  vapour  dissolves  in  the  litiuid  in  all  proportions. 
That  something  of  this  nature  actually  occurs  is  suggested  by  observa- 
tion of  the  phenomenon.  As  the  temperature  rises  the  meniscus 
which  forms  the  upper  boundary  of  the  liquid  gradually  grows  more 
flat  and  indistinct  until  it  ultimately  vanishes.  A  peculiar  undulating 
appearance  is  then  presented  throughout  the  mass,  as  if  the  liquid  and 
vapour  were  mixing  through  each  other.  On  cooling  down  again  a 
miat  suddenly  appears  alwut  the  middle  of  what  was  an  apparently 
empty  tube.  This  rapidly  spreads  throughout  the  whole  interior  and 
luddenly  vanishes,  leaving  the  lower  part  of  the  tube  filled  with 
liquid,  a  distinct  meniscus  separating  it  from  the  vapour-filled  space 
ibove. 
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The  matter  may  also  be  regarded  from  another  point  of  view.  Thus, 
as  the  tem{>erature  rises,  the  absolute  vapour  density  increases,  while 
that  of  the  liquid  diminishes,  and  therefore  it  is  possible  that  a  tem- 
perature may  be  attained  at  which  the  density  of  the  liquid  is  equal  to 
that  of  the  vapour.  This  temperature,  in  fact,  is  the  critical  tempen- 
ture,  and  from  the  equality  of  density  of  the  vapour  and  liquid  at  this 
point  Sir-  Wm.  Ramsay  ^  inferred  that  the  phenomena  presented  in  the 
experiment  of  Cagniard  de  la  Tour  found  their  explanation.  Three 
years  later  M.  Jam  in  -  put  forward  the  same  theory.  From  this  point 
of  view  it  would  appear  that  when  two  substances  (or  at  least  a  liquid 
and  its  vapour)  have  the  same  density  there  should  be  no  surface 
tension  between  them  ;  or,  in  other  words,  they  should  mutually  mix 
in  all  proportions.  This,  however,  by  no  meaus  follows  as  a  conse- 
quence. Two  substances  may  have  the  same  density  without  possess- 
ing the  propei-ty  of  mixing  (otherwise  Plateau's  beautiful  experiment 
could  never  have  been  made,  see  Art.  178).  The  property  of  mixing 
depends  on  the  molecular  attraction  rather  than  on  equality  of  density, 
and  therefore  the  theory  of  Ramsay  and  Jamin  fails  to  lead  us  any 
further  than  its  first  postulate — namely,  the  equality  of  density.  If 
the  molecular  attraction  as  well  as  the  density  be  the  same  through- 
out the  liquid  and  vapour,  there  will  be  no  distinctive  diflference 
between  the  two  states  at  the  critical  temperature,  and  the  whole 
mass  may  be  regarded  as  simply  vaporised,  as  Cagniard  de  la  Tour 
supposed. 

The  critical  temperature  of  a  liquid  is  most  eiisily  determined 
by  filling  a  strong  glass  tube  with  it  and  then  boiling  oH'  about  one- 
third  the  liquid  and  sealing  up.  The  tube  is  now  about  two-thirds 
full  of  the  liquid,  and  contains  no  air.  On  slowly  heating,  the 
meniscus  gradually  flattens  and  ultimately  disappears.  On  cooling, 
the  liquid  reappears  again,  and  the  mean  of  the  two  observations  may 
be  taken  as  the  critical  temperature.^  The  criticivl  pressure  is  much 
more  difficult  to  estimate.  For  this  purpose  the  tube  containing  the 
liquid  must   be  connected  with  a   manometer,  preferably  filled  with 

*  Sir  Win.  Ramsay,  Proc.  Hoy.  Soc.,  vol.  xxx.  ]>.  326,  1880. 

-  Jamin,  Journal  <Jc  Physique,  2%  torn.  ii.  j).  389,  1883  ;  AniiaU's  dc  CJiimicftdt 
Physiqw:,  4%  tom.  xxi.  p.  208  ;  Phil.  Mag.,  July  1883. 

^  Sir  Wm.  Kamsay  {Proc.  Hoy.  Soc.,  vol.  xxx.  p.  323,  1880)  found  that  the  tem- 
perature at  whicli  the  meniscus  disappeared  varied  with  the  quantity  of  liquid  in  the 
tube,  being  greater  the  greater  the  quantity  of  liquid  originally  taken.  Thu.s  with 
methyl  formate,  two-thirds  filling  the  tube,  the  meniscus  disappeared  at  221*''5  C. ; 
with  a  greater  tjuantity  of  liquid  in  a  similar  tube  the  meniscus  vanished  at  228*  C. ; 
and  with  a  less  quantity  at  215'  C.  It  is  possible,  however,  that  these  inconsist- 
encies may  be  due  to  impurities,  or  to  the  difficulty  of  ascertaining  the  precise 
temperature  inside  a  thick  glass  tube. 
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nitrogen,  as  the  compressibility  of  this  gas  at  high  pressures  has  been 
very  carefully  investigated  by  M.  Amagat  ^  (see  p.  486). 

Impurity,  or  dissolved  air  or  other  gas,  may  lead  to  a  considerable 
change  in  the  critical  temperature,  so  that  discrepancies  may  arise  in 
different  experiments  even  by  the  same  obser^^er.  The  following  table 
shows  the  rough  results  obtained  by  Cagniard  de  la  Tour: — 


Liiliiid. 


Crit  Temp. 


Presjmro  in 
Atnios. 


Ratio  of  Volume 

of  Vaiiour  to 
Volume  of  Liquid. 


Ether.     .     .     . 
Alcohol    .     .     . 
Carbon  bisulpliide 
Water     .     .     . 


'C. 

175 

248 
254 
362 


38 

119 

71 

Indeter- 
niiuate*'^ 


•2* 
3 

n 

4 


Similar  determinations  were  made  by  Drion  ^  for  sulphurous  acid 
and  ethyl  chloride. 

289.  Liquefaction  of  Gases. — The  experiments  of  Cagniard  de  la 
Tour  and  Drion  show  that  at  a  certain  temperature  all  visible  distinc- 
tion between  a  liquid  and  its  vapour  ceases.  Above  this  temperature, 
then,  it  would  appear  to  be  impossible  to  liquefy  the  vapour  by  pressure 
alone.  At  least  compression  will  produce  no  visible  condensation  or 
formation  of  a  liquid  with  a  meniscus  separating  it  from  the  vapour 

^  The  8()ecific  heats  of  some  substances  near  their  critical  points  have  been  deter- 
mined by  P.  de  Heen  {BeihUitUr  tfer  Physik.  No.  ix.,  1888).  The  iuetho<l  of  cooling 
was  used.  For  etlier,  aniylene.  and  bromide  of  ethyl  there  was  at  the  critical  tem- 
jferature  a  sudden  diminution  in  the  spocitic  heat. 


Kther 
Amylene  . 
Bromide  of  ethylene 


With  aldehyde,  which,  however,  decomposed,  there  were  no  analogous  phenomena. 

The  author  infers  from  the  behaviour  of  the  former  substances  that  as  the  critical 
temperature  is  reached  the  gas-forming  molecules  relinquish  their  supposed  closed 
curves,  and  describe  rectilinear  paths. 

*  Water  vapour  attacks  glass  at  high  tem]>eraturcs  and  renders  it  opaque,  so  that 
the  diflapi)earance  of  the  meniscus  cunnot  be  seen,  and  explosion  soon  occurs  under 
the  joint  action  of  corrosion  and  pressure.  In  order  to  overcome  these  difficulties,  La 
Tour  addetl  to  the  water  some  substance  which  prevented  the  attack  on  the  glass, 
but  the  critical  point  of  this  mixture  is  not  that  of  pure  water. 

'  Ch.  Drion,  Annates  de  ChimU  ef  de  Phijsif/ur,  3*",  torn.  Ivi.  p.  5,  1859. 
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above,  such  as  occurs  when  the  temperature  is  lower  than  the  critical 
temperature.  For  the  visible  condensation  of  a  gas,  then,  the  tempers 
ture  must  be  reduced  below  the  critical  temperature,  and  then  bj  imply- 
ing sufficient  pressure  liquefaction  may  be  produced. 

Faraday  ^  succeeded  in  liquefying  by  pressure,  at  the  ordinary 
temperature  of  the  air,  many  gases  previously  unknown  in  the  liquid 
state.  A  few  years  later  Thilorier  -  obtained  solid  carbon  dioxide,  and 
found  that  the  coefficient  of  expansion  of  the  liquid  was  greater  than 
that  of  a  gas.  Faraday  ^  published  a  second  memoir  on  the  effects  of 
cold  and  pressure  on  gases,  which  greatly  extended  the  knowledge  of 
the  subject.  Subsequently  Regnault  and  Pouillet  carefully  examined 
the  change  of  volume  of  a  few  gases  when  subject  to  pressiu'es  up  to 
20  atmospheres,  and  Natterer  *  carried  the  inquiry  up  to  the  enormous 
pressure  of  nearly  3000  atmospheres.  The  results  of  the  latter  ex- 
periments were  valuable  at  the  time,  but  the  method  was  not  free 
from  objection  in  point  of  accuracy. 

The  great  problem  of  the  time  was  the  liquefaction  of  what  were 
termed  the  permanent  gases — oxygen,  hydrogen,  etc.  It  was  in  pur- 
suit of  this  inquiry  that  Andrews  was  led  to  his  classic  investigations 
on  the  behaviour  of  carbon  dioxide  gas,  and  other  substances,  under 
pressure  at  different  temperatures. 

240.  Andrews's  Experiments. — In  1863  Dr.  Andrews  wrote  as 
follows : — "  On  partially  liquefying  carbonic  acid  by  pressure  alone, 
and  gradually  raising  at  the  same  time  the  temperature  to  88^"  F.,  the 
surface  of  demarciition  between  the  licjuid  and  gas  became  fainter,  lost 
its  curvature,  and  at  last  disappeared.  The  space  was  then  occupied 
by  a  homogeneous  fluid,  which  exhibited,  when  the  pressure  was  sud- 
denly diminished  or  the  temperature  slightly  lowered,  a  peculiar 
appearance  of  moving  or  flickering  stria*  throughout  its  entire  mass. 
At  temperatures  al)ove  88''  F.  no  apparent  licjuefaction  of  carl)onic 
acid,  or  separation  into  two  distinct  forms  of  matter,  could  be  effect^, 
even  when  a  pressure  of  300  or  400  atmospheres  was  applied.  Nitrous 
oxide  gave  analogous  results."'* 

The  apparatus  ^  employed  in  th<^se  investigations  is  represented  iu 
Figs.  138-140.  The  gas  to  he  compressed  was  introduced  into  a  glass 
tube  (if  (Fig.  138),  having  a  capillary  bore  from  a  to  />,  and  a  diameter 
of  about  2*5  mm.  from  b  to  c.     The  diameter  of  the  third  part  r/ was 

>  Faraday,  Phil.  Trans.,  \)\\  160-189,  1823. 

-  Tliilorier,  Ann.  de  Chimie,  2^  torn.  Ix.  p.  427,  1835. 

•'*  Faraday,  Phil.  Trons.,  1845,  p.  155. 

■*  Natterer,  Pogg.  Ann.,  vol.  xciv.  p.  436,  1855. 

■^  Miller's  Oirmical  Pht/sics,  3ril  edit.,  p.  328. 

*  Andrews,  Phil.  Trans.,  1869,  part  ii.  p.  575. 
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about  1  "26  mm.  The  gaa  was  first  carefully  dried  and  then  passed 
for  several  hours  through  the  tube  open  at  both  ends,  in  order  to 
expel  all  air.  Even  after  passing  the  current  of  gas  through  the  tube 
for  twenty-four  hours,  it  was  found  that  the  residual  air  could  not  be 
reduced  to  less  than  -^-^  to  ywitu  ^^  ^^®  entire  volume  of  the  carbon 
dioxide,  and  consequently  in  discussing  the  results  of  the  experiment 
the  presence  of  this  small  quantity  of  air  must  be  taken  into  account. 
The  capillary  end  a  of  the  tube  was  finally  sealed,  and  the  other 
end  was  temporarily  closed  and  plunged  below  the  surface  of  piu*e 
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Fig.  131?. 


Fig.  13i». 


Fi«.  140. 


mercury.  The  lower  end  while  under  the  surface  of  the  mercury  was 
opened,  and  the  tube  was  slightly  heated  so  as  to  expel  a  little  of  the 
gas.  On  cooling  contraction  occurred,  and  a  short  column  of  mercury 
entered  the  tube.  The  tube,  with  its  lower  end  still  under  mercury, 
was  then  placed  under  the  receiver  of  an  air-pump,  and  a  partial 
vacuum  was  formed  till  about  one-fourth  of  tlie  gas  had  escaped  from 
the  tul^.  On  restoring  the  pressure,  a  column  of  mercury  entered  and 
occupied  the  place  of  the  expelled  gas.  By  cautiously  exhausting  this 
column  of  mercury  could  be  rendered  any  length  required.  The  tube 
was  previously  calibrated  by  means  of  a  moving  thread  of  mercury,  and 
the  volume  of  the  gas  at  0^  C.  and  760  mm.  was  calculated.  The 
capillary  tube  was  also  calibrated  with  great  care  by  weighing  a  column 
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of  mercury  whose  length  in  different  parts  of  the  tube  was  accuntdr 
measured. 

Two  massive  bi*ass  flanges  (Fig.  139)  were  firmly  attached  to  the 
ends  of  a  strong  copper  tube,  and  by  means  of  these  flanges  two  bm 
end-pieces  were  securely  bolted  to  the  ends  of  the  copper  tube,  and  tbc 
connections  were  made  air-tight  by  leather  washers  soaked  in  bud 
heated  in  vacuo.  The  lower  end-piece  carried  a  steel  screw  180  mm. 
long  and  4  mm.  in  diameter,  which  easily  held  a  pressure  of  more  thin 
400  atmospheres.  A  similar  end-piece  attached  to  the  upper  flange 
carried  the  glass  tube  containing  the  gas. 

The  apparatus  before  being  screwed  up  was  filled  with  water,  and 
the  pressure  was  produced  by  screwing  the  steel  plunger  into  tie 
water.  In  order  to  register  this  pressure  a  similar  tube  containing 
air  was  placed  beside  the  experimental  tube  which  contained  the 
gas  (Fig.  140),  and  lateral  communication  between  the  two  was 
established  through  a  connecting  tube  ab,  so  that  equality  of  pressure 
was  maintained  in  both.  The  air-tube  was  also  furnished  with  a 
steel  screw,  and  either  screw,  or  both,  might  be  used  in  altering  the 
pressure.  The  gas  under  examination  could  be  kept  at  any  required 
temperature  by  jacketing  the  tube  with  a  bath  or  a  freezing  mixture 
if  necessary. 

The  actual  pressures  were  not  deduced  by  Andrews,  as  he  was 
not  furnished  with  sufficient  experimental  data  on  the  deviations 
of  air  from  Boyle's  law,  and  the  pressures  he  speaks  of  are  those 
calculated  on  the  apparent  compression  of  the  air  in  the  second 
tube  ;  but  these  are  approximately  correct  as  the  deviation  from 
Boyle's  law  is  small,  as  is  also  the  change  of  internal  volume  of  the 
tube  un«ler  pressure.  Andrews  ^  found  that  no  permanent  enlargement 
of  the  glass  tubes  took  place  even  when  kept  under  high  pressure  for 
a  long  time,  and  that  no  oxidation  of  the  mercury  occurred  in  the 
air-tube  during  a  period  of  two  months'  active  work,  and  that  after 
standing  for  five  months  all  was  found  correct. 

From  the  results  of  these  experiments  Andrews  plotted  the  curves 
shown  in  Fig.  141. 

At  a  temperature  of  13  'I  C.  liquefaction  of  the  gas  commenced  at 
a  pressure  of  48  89  atmospheres,  as  measured  by  the  compression  of 
the  air  in  the  tul)e.  This  point  could  not  be  determined  by  direct 
observation,  inasmuch  as  the  smallest  visible  quantity  of  liquid  repre- 
sented a  column  of'  gas  at  least  2  or  .S  mm.  in  length.  It  was,  how- 
ever, determined  indirectly  by  observing  the  volume  of  the  gas  at  0^'^ 
or  0  '3  above  the  point  of  liquefaction,  and  calculating  the  contraction 

^  Andrews,  P/ii/.  Trans.,  part  ii.  p.  421,  1876. 


ON  THE  CONTINUITY  OF  STATK  457 

rould  sustain  in  cooling  down  to  the  temperature  at  which 
on  began,  A  slight  increase  of  prasaure  was  required  even 
irly  stages  to  carry  on 
jss  of  liquefaction,  the 

indicating  an  increase 

^  atm.  during  the  con' 
I  of  the  first  and  second 
[  the  carbon  dioxide. 
B  of  pressure  during 
tion  may  be  explained 
presence  of  the  trace 
^)  already  referred  to, 
ig  liquefaction  increase 
re  is  necessary  in  order 
irese    it.       This    small 

of  air  disturbed  the 
ion  in  a  marked  manner 
arly    the  whole   of  the 

liquefied,  and  when  its 
relatively  to  that  of  the 
ised  carbon  dioxide  u'as 
,ble.  It  resisted  for 
Qc  absorption  by  the 
but  on   raising    the   pressure    to    504    atmospheres,    it   was 

absorbed.  If  the  carbonic  acid  had  been  quite  pure  the 
the  curve  for  l.f'l,  representing  the  fall  from  the  gaseous 
iquid  state,  would  doubtless  have  been  straight  throughout 
I  course,  and  parallel  to  the  lines  of  equal  pressure, 
curve  for  the  teni|>erature  21 '5  agrees  in  general  form  with 
13°l,  At  13''1  the  volume  under  a  pressure  of  49  atm.  is 
■re  than  ^  of  that  which  a  perfect  gas  would  occupy  under 
}   conditions.      After    liquefaction    carbon    dioxide    yields    to 

much  more  than  ordinary  liquids,  and  the  compressibility 
to  diminish  as  the  pressure  increases,  and  the  high  rate  of 
n  by  heat  noticed  by  Thilorier  is  fully  confirmed  by  these 
nts. 

lext  series  of  exi>eriments  was  madcat  31'-1,  or  0'-2  above  the 
lire  at  which,  by  compression  alone,  carbon  dioxide  is  capable  of 
;  visibly  the  liquid  form.  This  (Kiint  was  found  after  repeated 
e  30°'92  C,  or  ST"-?  F.  For  a  few  degrees  above  this  tempcra- 
ncrease  of  pressure  produces  a  rapid  change  of  volume,  and 
I  gas  is  reduced  to  the  volume  at  which  it  might  be  expected 
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to  liquefy  no  visible  separation  of  the  carbon  dioxide  into  two  distinct 
conditions  of  matter  occurs.  By  varying  the  pressure  or  tempentore, 
but  always  keeping  the  latter  above  30*' -9 2,  the  great  changei  d 
density  which  occur  about  this  point  produce  flickering  movements, 
resembling  in  an  exaggerated  form  the  appearances  exhibited  donng 
the  mixture  of  liquids  of  different  densities,  or  when  columns  of  heated 
air  ascend  through  colder  strata.  The  curve  for  SV'l  shows  that  the 
volume  <iiminishes  regularly,  but  much  faster  than  if  the  substance 
obeyed  Boyle's  law,  till  a  pressure  of  about  73  atmos.  is  reached.  The 
diminution  of  volume  then  goes  on  very  rapidly,  a  reduction  of  nearly 
one-half  taking  place,  while  the  pressure  is  increased  from  73  to  75 
atmos.  The  coritniction  is  not,  however,  abnipt,  as  in  the  case  of  the 
formation  of  the  liquid  at  lower  temjieratures,  but  a  steady  increase  of 
pressure  is  necessary  to  effect  it.  During  this  contraction  there  is  no 
evidence  of  the  presence  of  liquid  in  the  tul)e,  no  heterogeneity  can  be 
detected  in  the  whole  mass.  Beyond  77  atmos.  the  substance  yielded 
much  less  to  pressure  than  before,  its  volume  being  now  reduced  to 
that  which  liquid  carbon  dioxide  should  occupy  at  this  temperature. 

The  curve  for  3 2° -5  closely  resembles  that  for  31°*1.  The  con- 
traction, however,  is  less  abrupt,  and  in  the  curve  for  35° '5  it  is  still 
greatly  diminished,  and  has  nearly  lost  its  abrupt  character.  The 
range  of  pressure  here  extended  from  57  to  107  atmos.  The  con- 
traction is  most  considerable  from  70  to  87  atmos.,  where  an  increase 
of  I  the  total  pressure  produced  a  reduction  to  half  the  volume.  At 
107  atmos.  the  volume  is  that  which  the  liquid  would  occupy  at  this 
temperature,  according  to  the  expansion  of  the  liquid  by  heat. 

The  curve  for  4S  1  is  very  interesting.  The  abrupt  fall  shown 
in  the  lower  temi)erature  curves  has  disappeared,  and  the  curve 
approximates  to  that  which  would  represent  the  change  of  volume 
of  a  perfect  gas.  At  the  same  time  the  compression  is  much  greater 
than  that  indicated  ))y  Boyle's  law.  Under  109  atmos.  the  substance 
is  rapidly  approaching  the  liquid  volume.  Experiments  above  48 '1 
were  not  made  ;  but  it  is  clear  that  as  the  temperature  rises  the  curve 
will  continue  to  approach  that  of  a  perfect  gas. 

Experiments  were  made  at  much  higher  pressures,  and  the  sub- 
stance was  made  to  pass  witliout  break  or  intenniption  from  what  is 
universally  regarded  as  the  gfiseous  state  to  what  is,  in  like  manner, 
regarded  as  the  liquid  state.  Take,  for  example,  carbon  dioxide  at 
50  ,  or  at  a  higher  temperature,  and  let  the  pressure  be  increased  to 
150  atmospheres.  In  this  process  its  volume  vnW  steadily  diminish  as 
the  pressure  increases.  When  the  full  pressure  has  been  attained,  let 
the  temperature  he  allowed  to  fall  to  the  ordinary  temperatiu'e  of  the 
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atmosphere.  During  the  whole  of  this  process  no  breach  of  continuity 
occurs.  The  substance  at  the  beginning  is  what  is  ordinarily  regarded 
as  a  gas,  and  at  the  end  it  is  liquid  carbon  dioxide,  and  nowhere  during 
the  process  is  there  any  abrupt  change  of  volume  or  sudden  evolution 
of  heat.  The  closest  observation  fails  anywhere  to  detect  change  of 
condition  in  the  substance,  nor  is  there  any  evidence  that  at  any  time 
one  part  of  it  is  a  gas  and  the  other  a  liquid.  The  process  of  com- 
pression and  cooling  might  also  be  conducted  simultaneously,  if  care  be 
taken  to  avoid  having  the  pressure  less  than  76  atmos.  when  the  tem- 
perature is  31°. 

These  properties  are  not  peculiar  to  carbon  dioxide.  They  are 
generally  true  of  all  substances  which  can  be  obtained  as  gases  and 
liquids.  Nitrous  oxide,  hydrochloric  acid,  ammonia,  sulphur  dioxide, 
etc.,  all  exhibit  critical  points  and  rapid  changes  of  volume  with 
flickering  movements  when  the  pressure  is  changed  in  the  neighbour- 
hood of  these  points. 

Below  the  critical  temperature,  when  the  pressure  is  increased  to  a 
certain  value,  the  substance  suddenly  changes  from  the  gaseous  to  the 
liquid  state ;  but  no  such  abrupt  change  occurs  above  this  temperature, 
the  substance  being  gradually  reduced  to  the  liquid  volume.  The 
change  from  the  gaseous  to  the  liquid  state  below  the  critical  tempera- 
ture is  abrupt,  like  the  change  from  the  liquid  to  the  solid  state  in 
crystalline  substances,  whereas  above  the  critical  temperature  it  is 
gradual,  like  the  solidification  of  amorphous  substances. 

241.  On  the  State  of  Matter  near  the  Critical  Point — The  ques- 
tion now  arises  for  consideration  as  to  the  state  of  a  body  at  or  a  little 
above  its  critical  point.  Is  it  gaseous  or  liquid,  or  a  mixture  of  the 
two  states  ?  When  carbon  dioxide  gas  is  compressed  at  temperatures 
above  31°  C.  no  visible  evidence  of  liquefaction  is  obtained,  even  when 
the  compression  is  pushed  up  to  the  point  at  which  the  liquid  volume 
is  attained.  In  this  case,  then,  does  the  substance  continue  throughout 
in  the  gaseous  state,  or  does  it  liquefy  in  the  whole  or  in  part,  or  are 
we  presented  with  a  new  state  of  matter?  Such  are  the  questions 
raised  by  Andrews,  and  since  they  were  first  proposed  they  have  been 
the  subject  of  much  discussion  and  inquiry.  If  carbon  dioxide  gas  at 
100"  C,  for  example,  or  any  higher  temperature,  is  compressed,  few 
would  hesitate  to  declare  that  the  gaseous  state  is  maintained  through- 
out the  compression,  just  as  when  hydrogen  or  nitrogen  is  subjected 
to  great  pressures  at  ordinary  temperatures. 

On  the  other  hand,  when  the  experiment  is  made  with  carbon 
dioxide  at  temperatures  a  little  above  31°  C,  the  rapid  change  of 
volume  which  occurs  during  a  certain  period  of  the  experiment  would 


460  THHJORY  of  heat  chap.t 

lead  to  the  conjecture  that  liquefaction,  total  or  partial,  actually  takes 
place,  although  optical  test«  fail  to  detect  it.  Against  this  view  it 
might  be  urged  that  during  this  period  of  rapid  change  of  volume, 
increase  of  pressure  is  always  necessary  for  diminution  of  volume,  and 
this  is  opposed  to  the  ordinary  laws  of  the  liquefaction  of  saturated 
vapours.  Furthermore,  the  higher  the  temperature  the  less  marked 
this  period  of  rapid  change  l)ecomes,  until  it  ultimately  disappears. 

In  the  opinion  of  Andrews  the  answer  to  the  question  is  to  be 
found  in  the  intimate  relations  which  exist  between  the  gaseous  and 
liquid  states  of  matter.  These  he  regards  as  only  widely-separated 
forms  of  the  same  condition  of  matter,  which  may  be  made  to  pass  into 
one  another  by  a  series  of  gradations  so  gentle  that  the  passage  shall 
nowhere  present  any  interruption  or  breach  of  continuity.  Thus  at 
high  temperatures  and  low  pressures  the  substance  approximates  to  the 
condition  of  an  ideal  gas  obeying  Boyle's  law.  Increase  of  pressure 
and  reduction  of  temperature  decrease  the  mean  free  path  and  kinetic 
energy  of  the  molecules,  and  the  substance  begins  to  deviate  sensibly 
from  Boyle's  law.  It  commences  to  acquire  the  properties  of  the 
liquid,  and  gradually  loses  the  distinctive  properties  of  the  so-called 
perfect  gas.  The  gas  and  licjuid  then  are,  in  the  opinion  of  Andrews, 
"  only  distant  stages  of  a  long  series  of  continuous  physical  changes.^ 
In  the  opinion  of  MM.  Cailletet  and  Colardeau,^  however,  and 
other  French  physicists,  the  liquid  state  persists  after  the  critical 
point  has  been  passed.  At  the  critical  point  the  liquid  dissolves  the 
vapour  in  all  proi)ortioiis.  For  this  reason  the  surface  of  separa- 
tion disappears  in  the  experiment  of  Cagniard  de  la  Tour,  and 
the  tube  becomes  apparenth^  empty.  In  suj»port  of  this  view  the 
following  experiment  is  quoted.  Iodine  possesses  the  property' 
of  dissolving  in  liipiid  carbon  dioxide  and  colouring  it.  It  does 
not,  however,  dissolve  in  the  vapour.  A  small  quantity  of  iodine 
was  consecjuently  deposited  by  vaporisation  on  the  upper  end  of 
the  tube  in  which  carbon  dioxide  gas  was  compressed  to  liquefac- 
tion, and  a  thin  layer  of  sulphuric  acid  protected  the  mercury  from 
the  action  of  the  iodine.  When  the  liquid  carbon  dioxide  attained  the 
level  of  the  iodine  it  dissolved  a  portion  of  it,  and  became  of  a  rosy 
violet  colour.  On  raising  the  temperature  to  31"^  C.  the  meniscus 
disappeared  as  usual,  while  the  colour  remained  in  all  that  part  of  the 
tube  which  wjis  previously  occupied  by  the  liquid.  The  coloiu*  did  not 
spread  through  the  whole  mass,  but  was  restricted  to  the  same  region 

'  Cailletet  aiitl  Colardcau,  Jonrnol  de  Phf/sique,  toin.  viii.,  1889  ;  Ann.  de  Chinuf 
d  dc  Phijsiqne,  B^,  toin.  xviii.,  Oct.  1S89. 

-  Cailletet  and  Hautereuille.  Comptr.s  Jiendus,  toin.  xcii.  p.  840,  1881. 
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as  before.  From  this  it  would  appear  that  the  liquid  is  not  really 
converted  into  vapour,  as  Cagniard  de  la  Tour  supposed,  but  that  the 
meniscus  alone  disappears.  The  part  which  was  liquid  still  retains  the 
power  of  holding  iodine  in  solution,  while  the  vapour  above  has  not  yet 
attained  the  property  of  dissolving  iodine,  for  in  the  upper  part  of  the 
tube  it  is  in  contact  with  the  deposit  of  iodine,  but  remains  without 
action  upon  it. 

Analysis  by  the  spectroscope  indicated  that  the  iodine  was  still  in 
solution,  and  not  suspended  in  the  lower  part  of  the  tube.  The 
absorption  spectrum  of  iodine  in  solution  is  very  different  from  that  of 
iodine  vapour;  but  as  the  critical  point  was  passed  the  absorption 
spectrum  of  the  coloured  carbon  dioxide  showed  no  change. 

The  same  authors  also  attacked  the  problem   from  another  point 
of  view.      If  the  substance  is   altogether  vaporised  at  the  critical 
point,  then  as  the  temperature  is  raised  beyond  the  critical  point  the 
tube  will  be  filled  with  a  non-saturated  vapour,  and  it  was  inferred 
that  the  curve  connecting  its  pressure  and   temperature  should  be 
unique  (being  that  of  a  gas  near  its  condensing  point),  and  should 
therefore  be  independent  of  the  quantity  of  liquid  present  just  before 
the  meniscus  disappears.     If,  on  the  other  hand,  the  liquid  state  still 
persists,  vaporisation  will   go  on    beyond   the  critical   point  just  as 
befoi'e,   and  the   pressure  at   any    temperature   will  depend  on  the 
quantity  of  liquid   present  when   the  meniscus  is  about  to  vanish. 
Fig.  142  shows  the  result  of  experiments  made  with  different  initial 
quantities   of  liquid.      The   part  OM   indicates  the   pressure  of  the 
saturated  vapour  as  the  temperature  rises  to  the  critical  point.     Above 
this  point  the  curve  is  not  unique,  but  depends  on  the  quantity  of 
liquid  present  when  the  meniscus  is  about  to  vanish.^     The  branches 
MD,  ME,  etc.,  correspond  to  the  cases  in  which  the  liquid  occupied 
different  fractions  of  the  total  length  of  the  tube  at  the  moment  of 
disappearance  of  the  meniscus.     Hence  the  portion  of  the  pressure- 
temperature  curve  al)Ove  the  critical  point  depends  on  the  quantity  of 
liquid  present  when  this  point  is  just  reached,  and  this  seems  to  favour 
the  idea,  proposed  by  Ramsay  in  1880  and  Jamin  in  1883,  that  the 
liquid  persists  beyond  the  critical  point,  and  that  the  meniscus  alone 
has  vanished.     The  vanishing  of  tlie  meniscus  means  that  equality  of 
molecular  attraction  in  the  liquid  and  vapour  has  been  established. 
It  does  not  necessarily  follow  that  equality  in  density  has  also  been 
attained,  and  conversely  equality  of  density  alone  does  not  involve 

'  It  is  possible  that  this  may  arise  from  the  presence  of  impurities,  and  the 
difficulcy  of  securing  a  uniform  tenvi)erature  inside  a  thick  glass  tube,  or  it  may 
depend  on  the  pressure  (see  further  note  on  p.  481). 
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identity  of  molecular  attraction  and  the  vanishing  of  the  meniwas. 
Equality  of  density  alone  was  assumed  by  Kamsay  and  Jamin,  ao 
that  at  the  critical  point  the  liquid  could  swim  freely  on  the  ▼apoor. 
M.  Jamin  ^  expected  also  that  with  increased  pressure  above  the 
critical  point  the  vapour  would  become  more  dense  than  the  liquid, 
and  that  the  latter  would  consequently  rise  to  the  top  of  the  tube  and 
float  on  the  vapour.  This  reversal  could  not  be  obtained  after 
repeated  trial  by  M.  Cailletet,^  and  although  such  an  extraordinaiy 


260- 
240- 
220- 


un-linc 
water. 


I  200- 


^    180  H 

I 

I   160-1 


140  H 
120 
100 
80 
60- 
40- 
20- 


-»«• 


■»*■ 


.— •*" 


100     120    140     160    180    200    220   240   260    280   300    320    340    360   380  400 

pj     j^.>  Temperature  centigrade 


result  might  be  possible,  yet  it  is  certainly  not  to  be  reasonably 
demanded.  In  order  that  it  should  occur  (admitting  the  simultaneous 
existence  of  the  two  states  above  the  criticiil  jx>int),  the  compressibility 
of  the  vapour  above  the  critical  point  should  be  greater  than  that  of 
the  licjuid,  and  this  might  or  might  not  be  the  case. 

The  mutual  solubility  of  two  substances  depends  on  the  tempera- 
ture and  pressure.  M.  Duclaux  ^  has  shown  that  two  liquids  which 
do  not  mutually  dissolve  each  other  in  all  proportions  may  be  made 

*  Jamin,  Journal  ih  Phf/siqw\  *2*,  toiu.  ii.  p.  389,  1883. 
-  Cailletet.  Journal  ilc  Phiisiquc,  V,  torn.  ix.  p.  192,  1880. 
^  Duclaux.  Journal  J »'  Phijsique,  l*",  toiu.  v.  p.  18,  1876. 
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to  do  so  by  suitably  altering  the  temperature.     Thus  amylic  alcohol 
and  ordinary  alcohol   diluted  with  water  when  shaken  together  in  a 
tube  at  ordinary  temperatures  do  not  mix  completely,  but  settle  into 
two  layers   with  a  distinct  surface  of  separation.     As   the   tube  is 
gradually  warmed,  however,  a  temperature   is  reached  at  which  the 
meniscus  flattens  and   disappears,   and   the  liquids   mix   completely, 
forming  an  apparently  homogeneous  fluid.     On  cooling  again,  as  this 
temperature  is  approached,  strise  and  undulations  appear,  as  in  the 
experiment  of  Cagniard  de  la  Tour.     At  this  temperature  the  liquids 
have  not  the  same  density ;  the  property  of  mutual  solubility  alone 
has  been  acquired.     The   conclusion    of  Cailletet  and   Colardeau    is 
therefore  that  the  critical  point  is  not  necessarily  the  point  at  which 
the  density  of  the  vapour  is  equal  to  that  of  the  liquid,  but  the  point 
at  which  the  vapour  and  liquid  mutually  dissolve  each  other  in  all 
proportions.     From  this  point  of  view  the  liquid  may  exist  in  solution 
in  its  own  vapour,  and  when  a  gas  is  highly  compressed  the  liquid  may 
be  present  although  invisible.     It  only  becomes  visible  when  the  tem- 
perature is  below  that  of  the  critical  point.     That  liquid  carbon  dioxide 
really  exists  in  solution  in  the  gas  at  40°  C.  undey  a  pressure  of  from 
80  to  100  atmospheres,  M.  Cailletet  considers  confirmed  by  the  fact 
that  the  substance  in  this  state  dissolves  iodine. 

The  simultaneous  existence  of  the  two  states  above  the  critical 
point  does  not,  however,  appear  to  have  been  sufficiently  proved.  All 
experiments  prove  that  as  this  point  is  approached  the  density  of  the 
liquid  approximates  to  that  of  the  vapour.  In  the  upper  and  lower 
parts  of  the  tube  we  have  then  the  same  substance  at  the  same  tem- 
perature, pressure,  and  density,  and  when  the  meniscus  disappears  they 
have  further  the  same  molecular  attniction  or  are  mutually  soluble, 
and  there  seems  no  reason  for  the  supposition  that  the  substance  in 
the  upper  part  of  the  tube  is  in  a  different  state  of  molecular  aggrega- 
tion from  that  in  the  lower.  Mr.  Hannay  ^  describes  experiments  in 
which  the  liquid  was  coloured  and  the  vapour  above  it  colourless,  but 
on  passing  the  critical  point  the  whole  became  coloured,  showing  that 
mutual  diffusion  occurred.  This  of  course  does  not  prove  that  the 
liquid  state  may  not  persist  beyond  the  critical  point ;  but,  on  the 
other  hand,  the  experiment  cited  by  M.  Cailletet  as  to  the  solubility 
of  iodine  in  highly  compressed  carbon  dioxide  does  not  prove  that 
liquid  carbon  dioxide  is  present.  For  according  to  his  own  showing 
the  solubility  of  one  substance  in  another  depends  on  the  temperature 
and  pressure,  so  that  although  carbon  dioxide  gas  may  not  dissolve 
iodine  at  low  pressures,  this  property  may  be  acquired  by  it  at  other 

'  J.  B.  Hannay,  Prttr.  Hoy.  Soc.,  vol.  xxxiii.  p.  294,  1881. 
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pressures  and  temperatures,  and  even  though  the  vapour  in  the  upper 
part  of  the  tube  did  not  acquire  this  property  at  the  critical  point,  all 
that  is  proved  is  that  the  matter  occupying  the  lower  part  of  the  tube 
still  retains  the  power  of  Iwlding  in  solution  the  iodine  already  dissolved 
in  it 

The  difficulty  is  probably  fostered  by  the  vague  use  of  the  terms 
liquid  and  vapour  in  this  case.  The  essential  difference  between  a 
liquid  and  vapour,  besides  that  of  aggregation,  is  entirely  one  of  the 
length  of  the  mean  free  path  of  the  molecules.  As  the  temperature 
and  pressure  increase  the  mean  kinetic  energy  of  the  molecules 
increases  and  the  mean  free  path  in  the  vapour  diminishes,  so  th&t 
when  the  critical  point  is  reached  there  appears  to  be  no  reason  why 
both  these  quantities  should  not  be  the  same  in  the  upper  and  lower 
parts  of  the  tube,  that  is,  uniformity  of  state  is  established  throughout 
the  mass  ;  but  as  to  whether  this  state  is  to  be  called  liquid  or  vapow, 
or  a  mixture  of  both,  depends  merely  on  a  choice  of  terms. 

242.  On  the  Determination  of  the  Critical  Constants. — The 
physical  constants  which  characterise  the  critical  state  of  matter  have 
become  of  considerable  importance  in  the  determination  of  the 
mathematical  functions  which  represent  the  thermal  and  mechanicHl 
properties  of  fluids,  and  which  establish  the  relations  between  the 
liquid  and  gaseous  states.  The  accurate  determination  of  the  three 
critical  constants  for  various  substances  is  consequently  a  matter  of 
importance.  Of  these  the  critical  temperature  is  the  most  easily 
determined,  for  by  employing  as  heaters  the  vapours  of  pure  liquids 
boiling  under  a  consUint  pressure,  which  can  be  adjusted  at  pleasure, 
the  temperature  can  be  regulated  with  considerable  nicety,  and  is 
easily  measured. 

The  critical  pressure  may  also,  as  a  rule,  be  determined  without 
very  much  difficulty,  provided  that  the  substance  is  obtained  perfectly 
pure, — a  matter  of  prime  im})ortance.  In  the  case  of  substances 
which  attack  mercury  at  high  temperatures  the  ordinary  method  of 
operation  requires  modifications,  which  render  the  calculations  more 
laborious,  but  otherwise  the  difficulty  is  not  greatly  increased. 

The  estimation  of  the  ciitical  volume,  even  when  the  substance  is 
perfectly  pure  and  without  action  on  mercury,  is  a  matter  of  much 
greater  difficulty.  In  order  to  secure  a  correct  reading  of  the  critical 
volume  it  is  necessary  that  the  substance  should  be  exactly  at  the 
critical  temperature.  A  very  small  alteration  of  temperature,  such  as 
0  '1  C,  at,  or  just  below,  the  critical  point,  produces  a  considerable 
alteration  in  the  volume,  and  for  this  reason  a  small  error  in  the 
temperature  leads  to  a  considerable  error  in  the  volume.     The  main 
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ject  is  therefore  to  bring  the  substance  exactly  to  the  critical  tem- 
"ature.  Professor  Sidney  Young  ^  takes  the  substance  to  be  in  this 
te  when,  on  rapidly  increasing  the  volume  somewhat  above  the 
bical  volume,  the  fall  of  temperature  due  to  expansion  causes  a 
•mentary  separation  of  the  liquid  and  vapour.  In  order  to  deter- 
le  the  critical  volume  this  temporary  mark  of  division  is  noted, . 
1  the  volume  then  slightly  diminished.  After  a  few  minutes  the 
aperature  becomes  constant,  and  the  volume  is  again  increased 
^htly  but  rapidly,  and  the  position  of  the  mark  of  division  of  liquid 
i  vapour  again  noted,  this  being  now  nearer  the  top  of  the  tube. 
3ceeding  in  this  way,  it  is  possible,  under  favourable  conditions,  to 
ke  the  substance  occupy  such  a  volume  that  a  very  slight  but  rapid 
mansion  gives  a  temporary  mark  of  division  of  liquid  and  vapour 
lost  exactly  at  the  top  of  the  tube.  This  volume  Professor  Young 
:es  as  the  critical  volume. 

In  the  case  of  substances,  such  as  water,  which  attack  glass  at  high  Case  of 
aperatures,  these  methods  cannot  be  applied.     The  method  adopted  ^*'*'* 

MM.  Cailletet  and  Colardeau  ^  in  the  case  of  water  was  founded 
the  observation  of  the  vapour  pressure  curve  when  the  liquid  was 
dosed  in  a  strong  steel  tube.  If  a  suitable  quantity  of  the  liquid 
taken  in  the  tube  the  vapour  pressure  will  be  unique  up  to  the 
bical  point,  but  beyond  this  point  the  course  of  the  curve  will 
)end  on  the  quantity  of  liquid  present  when  the  critical  point  is 
)roached  (Fig.  142).  By  starting  with  different  quantities  of 
lid  in  the  tube,  the  point  at  which  the  vapour  pressure  curve 
jins  to  branch  can  be  determined,  and  the  critical  constants  thence 
luced.  The  same  method  may  be  employed  to  determine  the 
iical  constants  of  any  other  substance,  the  inside  of  the  tube  being 
ted  with  platinum,  or  some  other  substance,  to  avoid  attack. 

The  apparatus  of  Cailletet  and  Colardeau  is  shown  in  Fig.  143. 
Q  tube  FD  which  contained  the  water  was  made  of  steel  sufficiently 
>ng  to  resist  the  pressures  experienced  during  the  experiments, 
is  tube  was  heated  directly  in  a  bath  VV,  and  by  means  of  a 
:ible  steel  tube  ABC  it  communicated  with  another  similar  and 
lal  steel  tube  ET,  which  communicated  with  a  hydrogen  manometer 
and  a  pump  by  which  water  was  forced  into  both.  The  pressure 
ihe  vapour  in  FD  is  transmitted  to  the  manometer  by  means  of  this 
,er  and  the  thread  of  mercury  in  the  tube  DABCE.  An  insulated 
binum  wire  penetrates  the  wall  of  the  tube  ET  at  S,  and  when 

S.  Young,  Phi/,  Mag.^  vol.  xxxiii.  p.  181,  1892. 
'  Cailletet  et  Colardeau,  Comptcs  Rcndtis,  torn.  cxii.  p.  663,  1891  ;  and  Ann.  de 
nie  et  de  Physique^  6%  torn.  xxv.  j).  519. 
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the  mercury  rises  to  this  level,  so  as  to  come  into  contact  with  it,  an 
electric  circuit  is  closed  and  an  electric  bell  is  set  ringing.  By  this 
means  the  level  of  the  mercury  in  ET  can  be  kept  exactly  at  S,  and 
consequently  tho  space  DF  occupied  by  the  liquid  and  vapour  can 
be  kept  constant.  When  the  temperature  rises  the  vapour  pressure 
.  increases,  and  the  mercury  is  forced  through  ABCE  and  rises  into 
contact  with  the  platinum  wire  at  S,  and  sets  the  bell  in  motion. 
The  pump  -is  then  placed  in  action  till  the  ringing  just  ceases.  A 
second  platinum  wire  penetrates  the  wall  of  TE,  insulated  at  S',  some 


centimetres  above  S,  and  this  is  in  connection  with  another  bell,  so 
that  if  the  expansion  of  the  vapour  is  rapid,  or  the  action  of  the  pump 
too  slow,  the  mercury  rises  to  S'  and  the  second  bell  rings.  This 
gives  warning  that  the  vapour  is  on  the  i>oint  of  expelling  all  the 
mercury  from  the  reservoir,  and  this  of  course  must  be  avoided. 

The  liquid  first  employed  in  the  bath  was  mercury,  the  boiling 
point  of  which  is  below  the  critical  temperature  of  water.  For 
higher  temperatures  a  bath  of  equal  parts  of  the  nitrates  of  soda  and 
potash  was  used.  This  mixture  is  notably  more  fusible  than  either 
constituent,  becoming  liquid  at  220°  C,  and  can  be  used  easily 
up    to    above    400"    C.       The    bath    was    heated    by    a   gas-burner, 
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iiich  was  controlled  so  as  to  give  a  stationary  temperature.  The 
[lowing  results  were  obtained  for  the  pressure  of  saturated  water 
Lpour : — 


Teiiip«*rature. 

Pressure. 

Teiiiperatur««. 

Pre88ur»». 

C. 

atin. 

C. 

aim. 

225 

25  1 

300 

86*2 

230        ; 

27-5 

305 

92-2 

235 

30-0 

310 

99-0 

240 

32-8 

315 

106-1 

245 

35-5 

320 

113-7 

250 

39-2 

325 

121-6 

255 

42-9 

330 

130-0 

260 

46-8 

335 

138-8 

265        ; 

50-8 

340 

147-7 

270             1 

55-0 

345 

157-6 

275             j 

59-4 

350 

167-5 

280             ' 

64-3 

355 

178-2 

285 

69-2 

360 

188-9 

290             , 

74-5 

365 

200-5 

295 

1 

80-0 

... 

... 

he  curve  of  vapour  pressure  branches  at  365°  C,  which  is  therefore 
le  critical  temperature  of  water  substance,  the  corresponding  pressure 
eing  200*5  atmos.  (see  Fig  142). 

243.  Distinction  between  Gases  and  Vapours. — Previous  to  the 
icperiments  of  Andrews  there  was  no  clear  distinction  between  gases 
rid  vapours.  In  general,  substances  which  assumed  the  gaseous 
audition  at  ordinary  temperatures  were  termed  gases,  while  those 
''hich  assumed  the  condition  of  a  liquid  at  the  ordinary  temperatures 
f  the  air  were  termed  vapours  when  in  the  gaseous  state.  Thus  ether 
1  the  gaseous  state  was  termed  a  vapour,  whereas  sulphur  dioxide 
'as  called  a  gas,  yet  these  substances,  from  the  present  point  of  view, 
re  both  vapours — one  derived  from  a  liquid  boiling  at  35°  C,  and 
be  other  from  a  liquid  boiling  at  -  1 0°  C.  The  distinction  between 
;Hses  and  vapours  was  thus  determined  by  the  trivial  circumstance  of 
he  boiling  point  of  the  liquid  being  lower  or  higher  than  the  ordinary 
exnperature  of  the  atmosphere.  Such  a  distinction  may  have 
dvantages  for  ordinary  reference,  but  it  is  without  scientific  value. 
^  criterion  for  scientifically  distinguishing  between  a  gas  and  a  vapour 
5  afforded,  as  Andrews  pointed  out,  by  the  critical  temperature, 
^hus  a  substance  can  exist  partly  in  the  liquid  and  partly  in  the 
^eous  state,  or  as  a  liquid  and  vapour  in  contact,  only  at  temperatures 
^low  the  critical  temperature.  Above  the  critical  temperature  it  is 
^possible  to  compress  the  substance  so  that  part  of  it  may  visibly 
^ume  the  liquid  state  while  the  remainder  exists  as  a  vapour.     For 
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this  reason  a  vapour  may  be  defined  as  a  gaseous  substance,  which  may 
be  in  the  whole  or  in  part  compressed  into  the  liquid  state — that  is, 
a  gaseous  substance  at  a  temperature  lower  than  the  critical  tempera- 
ture. On  the  other  hand,  a  gas  is  a  substance  at  a  temperature  higher 
than  its  critical  temperature. 

According  to  this  definition,  any  substance  may  be  a  gas  or  a 
vapour  according  to  its  temperature.  A  gas  cannot  be  changed  into 
a  liquid  by  pressure  alone,  but  a  vapour  may  be  changed  by  pressure 
into  the  liquid  state,  and  may  exist  in  presence  of  its  own  liquid. 
Thus  carbon  dioxide  is  a  gas  above  3V  C,  and  a  vapour  at  lower 
temperatures. 

244.  Critical  Point  of  a  Mixture. — In  his  later  experiments 
Andrews  ^  proved  that  the  presence  of  a  so-called  permanent  gas,  such 
as  air,  lowered  in  a  marked  manner  the  critical  temperature  of  a 
liquefiable  gas,  such  as  carbon  dioxide.  Thus  when  three  volumes  of 
carbon  dioxide  gas  were  mixed  with  four  of  nitrogen  no  liquefaction 
took  place  at  any  pressure  until  the  temperature  was  reduced  to  -  20' 
C.  The  addition  of  even  -j^  of  its  volume  of  air  or  nitrogen  to  carbon 
dioxide  lowers  the  critical  temperature  several  degrees. 

An  extremely  important  observation  was  made  by  M.  Cailletet  ^  in 
this  department.  A  mixture  of  five  parts  of  carbon  dioxide  with  one 
of  air  was  compressed  at  such  a  temperature  that  liquefaction  was 
produced.  On  gradually  increasing  the  pressure  at  constant  temperature 
the  meniscus  of  the  liquid  faded,  and  at  a  certain  pressure  disappeared 
(cf.  p.  461).  On  diminishing  the  pressure  again  the  liquid  reappeared, 
and  the  pressure  at  which  this  occurred  was  lower  the  higher  the 
temperature,  as  shown  by  the  following  table : — 


Pressure  (atm.)  . 
Temperature 


•         • 


132  124  120  113  110 


5"-  5  C.  10"  13'  IS'* 


19 


o 


At  21°  C,  however,  the  gas  did  not  liquefy  under  a  pressure  of  400 
atmospheres. 

The  disappearance  of  the  liquid  carbon  dioxide  on  increasing  the 
pressure  is  very  plausibly  explained  from  Cailletet's  point  of  view  that 
the  solubility  in  the  liquid  of  the  gas,  or  mixture  of  gas  and  vapour, 
occupying  the  upper  part  of  the  tube,  increases  with  the  pressure,  and 

*  Andrews,  Proc.  Roy.  Soc.,  vol.  xxiii.  p.  514,  1875. 

'  Cailletet,  Comptes  Bend^iis,  torn.  xc.  p.  210  ;  and  Journal  dc  Physique^  1*,  torn. 
ix.  p.  192,  1880. 
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at  a  certain  pressure  they  will  mix  in  all  proportions,  and  the  surface 
of  separation  will  disappear  at  this  point.^ 

Further  investigations  of  the  critical  point  of  mixtures  have  been 
made  by  Ramsay,  Pawlewski,  Ansdell,  and  Dewar.  According  to 
Pawlewski,^  the  critical  point  of  a  mixture  of  two  substances  belonging 
to  the  same  class  of  organic  compounds  should  be  intermediate  between 
that  of  the  constituents,  and  divide  the  interval  between  the  critical 
temperatures  of  the  constituents  in  a  proportion  measured  by  the  per- 
centage composition  of  the  mixture.  Thus  Sir  W.  Ramsay  foimd  that 
the  critical  temperature  of  a  mixture  of  equal  weights  of  piu:e  benzene 
and  ether  was  half-way  between  those  of  the  constituents.  According 
to  the  experiments  of  Mr.  G.  Ansdell,*  this  law  is  not  accurately 
fulfilled  by  mixtures  of  hydrochloric  acid  and  carbon  dioxide.  If  the 
law  held  generally,  then  the  critical  temperature  of  any  substance,  such 
as  hydrogen  or  nitrogen,  could  be  determined  by  noting  the  critical 
temperature  of  a  definite  mixture  of  it  with  some  other  substance,  such 
as  carbon  dioxide  whose  critical  temperature  is  known. 

In  the  experiments  of  Professor  Dewar*  on  mixtures  of  carbonic 
acid  with  other  substances,  liquefaction  appeared  to  set  in  at  tempera- 
tures above  the  critical  temperature  of  the  gas.  The  presence  of  the 
second  substance  thus  appeared  to  raise  the  critical  point.  This  may 
perhaps  arise  from  the  formation  of  some  new  compound  under  parti- 
cular conditions  of  temperature  and  pressure.  These  experiments  are 
very  interesting.  Thus  carbon  dioxide  in  presence  of  bisulphide  of 
carbon  liquefied  under  49  atmos.  at  19°  C,  and  floated  on  the  convex 
surface  of  the  bisulphide.  At  35°  C,  liquefaction  took  place  under 
78  atmos.,  and  at  40°  C,  under  85  atmos.  At  58°  C,  liquefaction 
seemed  to  occur  at  110  atmos.  On  keeping  the  temperature  at  47°  C. 
and  gradually  increasing  the  pressure,  the  upper  surface  of  the  liquid 
carbon  dioxide  disappeared  under  110  atmos.,  as  in  Cailletet's 
experiment,  and  reappeared  on  reducing  the  pressure  to  75  atmos. 

In  presence  of  chloroform  at  28°  C,  the  carbon  dioxide  liquefied 
under  a  pressure  of  25  atmos.,  and  on  increasing  the  pressure  to  50 
atmos.  the  two  liquids  mixed  completely.  At  35°  C,  liquefaction  set 
in  under  a  pressure  of  55  atmos.,  and  the  carbon  dioxide  mixed 
rapidly  with  the  chloroform  on  standing. 

In  presence  of  benzene  the  carbon  dioxide  liquefied  at  18^  C,  and 

*  Tliis  question  has  heen  attacked  thermodynamically  by  M.  Duliem  (Journal  de 
Physique^  torn.  vii.  p.  158,  1888),  who  sliows  that  th«  experimental  results  follow 
from  the  thermodynamic  potential  of  the  system. 

a  BcrichU,  No.  IV.,  1882. 

'  G.  Ansdell,  Proc.  noij.  Soc.,  vol.  xxxiv.  p.  113,  1882. 

*  James  Dewar,  Proc.  Roy,  Soc.,  vol.  xxx.  p.  538,  1880. 
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a  pressure  of  25  atmos.  ;  and  at  the  moment  of  liquefaction  the  surface 
of  the  benzene  was  violently  agitated,  the  liquid  carbon  dioxide  falling 
through  it  in  an  oily  stream,  and  mixing  with  it  completely  up  to  a 
certain  point.  It  then  collected  on  the  surface  in  a  distinct  layer  as 
further  condensation  proceeded,  but  on  standing  for  about  five  minutes 
the  line  of  separation  disappeared,  and  the  two  liquids  formed  an 
apparently  homogeneous  mixture.  On  releasing  the  pressure  the 
carbon  dioxide  boiled  away  rapidly  from  the  benzene.  At  35°  liqn^ 
faction  occurred  under  35  atmos. ;  but  in  this  case  the  liquid  carbon 
dioxide  did  not  fall  through  the  benzene  as  before  or  appear  to  be  nearlj 
so  soluble  in  it.  At  52°  C.  and  70^  C.  liquefaction  occurred  under  60 
and  85  atmos.  respectively,  and  in  each  case  the  two  liquids  mixed — in 
the  former  on  standing,  and  in  the  latter  rapidly.  Similar  results 
were  obtained  in  presence  of  ether  and  nitrous  oxide. 

In  the  case  of  camphor  some  small  pieces  were  fused  so  as  to 
adhere  to  the  sides  of  the  tube  near  its  upper  end,  and  the  tube  was 
then  filled  with  carbon  dioxide  gas.  The  temperature  being  12"*  C, 
the  camphor  began  to  melt  when  pressiu*e  was  applied,  and  ran  down 
the  sides  of  the  tube  before  the  mercury  appeared  in  sight.  On  suddenly 
releasing  the  pressure  when  the  tube  was  full  of  liquid  at  50°  C,  the 
sides  of  the  tube  became  coated  with  crystals  of  camphor,  and  these 
rapidly  dissolved  again  w^ien  the  pressure  was  increased. 

Other  substances  were  investigated  with  similar  results,  and  in  the 
opinion  of  Professor  Do  war,  the  carbon  dioxide  behaves  throughout  as 
if  it  formed  an  unstable  compound  with  the  other  substance  present, 
and  this  compound  is  decomposed  and  reconstituted  according  to  the 
conditions  of  temperature  and  pressure. 

245.  Liquid  and  Vapour  Densities  up  to  the  Critical  Point— 
When  a  vapour  is  compressed  to  liquefaction  in  a  tube,  a  means  of 
determining  the  density  of  both  the  liquid  and  saturated  vapour  is 
afforded.  By  this  method  the  saturated  vapour  density  and  other 
physical  constants  of  hydrochloric  acid  were  deduced  by  Mr.  G. 
Ansdell.^  A  tube,  such  as  that  use<l  by  Andrews,  was  filled  with  the 
gaseous  substance,  and  its  mass  became  known  by  observation  of  the 
nitial  volume,  pressure,  and  temperature.  The  pressure  was  then 
increased  till  the  condensing  point  was  reached,  and  the  volume  was 
then  noted.  This  volume  gives  the  density  of  the  saturated  vapour, 
and  may  ])e  determined  by  taking  the  mean  of  two  observations — one 
at  the  point  where  the  volume  diminishes,  and  the  manometer  ceases 
to  show  increase  of  pressure,  and  the  other  in  the  reverse  operation, 

^  0.  Ansdell,  Proc.  Roy.  Soc.,  vol.  xxx.  ]>.  117,  1S79-80. 
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when  the  volume  is  allowed  to  increase,  and  its  value  is  observed  at  the 
point  where  the  manometer  shows  a  slight  decrease  of  pressure. 

The  mercury  was  then  caused  to  rise  in  the  tube  till  the  whole  gas 
was  liquefied.  The  liquid  now  filled  the  top  of  the  tube  and  its 
volume  was  observed ;  the  tube  being  already  carefully  calibrated. 
This  volume  gave  the  density  of  the  liquid.  From  the  results  of  the 
experiments  it  appears  that  the  density  of  the  saturated  vapour 
steadily  increases  as  the  temperature  rises  up  to  the  critical  point, 
while  that  of  the  liquid  diminishes,  and  near  the  critical  point  the  two 
approximate  to  equality.  In  Fig.  144  the  volume  of  the  saturated 
vapour — that  is,  the  whole 
volume  occupied  when  the 
gas  is  just  at  the  condensing 
point — is  plotted  for  various 
temperatures  along  the 
curve  AC,  while  the  liquid 
volumes  at  the  same  tem- 
peratures are  shown  by  the 
curve  BC.  A  mutual  union 
of  the  two  curves  is  indi- 
cated at  the  critical  point, 
but  experiments  could  not 
be  made  nearer  than  0°*25 
C.  to  this  point  on  account 
of  the  rapid  change  of 
volume.  This  equality  of 
volume  or  density  at  the  critical  vohime  is  what  would  be  naturally 
expected,  and  it  is  in  accordance  with  similar  experiments  by  MM. 
Cailletet  and  Mathias. 

A  number  of  experiments  on  ether  led  Avenarius^  to  the  con- 
clusion that  the  density  of  the  saturated  vapoiu*  is  not  the  same  as 
that  of  the  liquid  at  the  critical  point.  Mr.  Ansdell,  however,  points 
out  that  as  the  critical  temperature  of  ether  is  192^*6  C,  Avenarius  was 
under  the  disadvantage  of  working  at  a  high  temperature,  which 
it  would  be  difficult  to  keep  constant  to  within  half  a  degree 
centigrade. 

On  the  other  hand,  the  critical  temperature  of  hydrochloric  acid  is 
fairly  low,  and  the  temperature  in  Mr.  Ansdell's  experiments  could  be 
kept  constant  to  within  ttV  of  a  degree.  The  following  table  contains 
the  results  of  the  whole  series  of  experiments  on  hydrochloric  acid : — 
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^  Avenarius,  Mem,  Acful.  Sci.,  St.  Petersbourg,  1876-77. 
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ciup.r 


Temperature. 


4"C. 

9-25 
13-8 
18-1 
22-0 
26-76 
33-4 
39-4 
44-8 
48  0 
49-4 
50-56 
51-00 


Volume  of 

Saturated 

Vai)Our. 


137-31 
118-96 
103-50 
91-77 
81-19 
69-69 
55-75 
44-85 
36-34 
31-33 
27-64 
25-70 
23-96 


I       Ratio  of 
i      Volume  of 
Vapour  at  1 
|Atmo.toVolump 
at  Ck)nden8ing 
Point. 
I 


38-89 

45-75 

53-19 

61-17 

70-06 

82-94 

105-98 

134-33 

168-67 

197-60 

224-96 


Volume  of 
Liquid. 


Ratio  of 
Volume  of 
Saturated 
Vapour  to 
Volume  of 

Liquid. 


Prennrein 
Atmoa 


7-56 

7-90 

8-35 

8-74 

9-10 

9-50 

10-12 

10-68 

11-96 

12-00 

12-92 

14-30 


18-18 

15-05 

12*39 

10-50 

8-92 

7-88 

5-50 

419 

3  08 

2-61 

218 

1-79 


29-8 

38-9 

87-75 

41-80 

45-75 

61-00 

58-85 

66-95 

75-20 

80-80 

84-75 

85-88 


The  compressibility  at  various  temperatures  was- 


Temperature       i    47''-0    I     4r-6 
Compressibility  I  0-00166    0-00123 


33' -0         22** -7 
0  00096  0-000635 


16' -85 
0-00062 


10*'-5 
0-00064 


6'-7 
0-000897 


and  the  density  of  the  liquid  was- 


,  Temi>erature 

OT. 

7° -5 

ir-67 

15''-85 

1  Density  ,     . 

0-908 

0-875 

0-854 

0-835 

2-2° -7 

0-808 


33" -0 

0-748 


4r-6 
0-678 


47*-8 
0-619 


E 


(r 


!m 


D 


In  the  experiments  of  MM.  Cailletet  and 
Mathias  ^  the  method  of  determining  the 
density  of  the  liquid  differed  from  that 
adopted  by  Ansdell.  The  mercury  was  not 
forced  up  till  liquefaction  was  completed  and 
the  upper  end  of  the  tube  filled  with  liquid 
alone,  but  the  gas  tube  and  compression  pump 
^  were  connected  to  a  piece  of  apparatus  like 
that  shown  in  Fig.  145.  This  consists  of  a 
tube  ABC,  the  two  arms  of  which  are  united 
at  D  and  communicate  through  the  tube  DE 
with  the  gas  tube  and  compression  pump. 
The  lower  part  of  the  tube  contains  some 
mercury  AB.  On  cooling  the  tube  and 
gradually  increasing  the  pressure  liquefaction 
takes  place  in  both  arms.     After  a  small  quantity  of  liquid  is  thus 


Fig.  14'). 


^  Cailletet  and  Mathias,  JoiLrncU  dc  Physique^  2^,  torn.  v.  p.  549,  1886. 
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obtained  m  each  arm  the  condensation  in  A  is  stopped,  and  the  arm 
BCD  is  alone  cooled,  and  condensation  is  allowed  to  proceed  in  it  till 
a  column  of  liquid  BC  of  a  convenient  height  is  obtained.  The  differ- 
ence of  level  of  the  mercury  in  the  two  arms  gives  the  weight  of  the 
column  of  liquid  above  B  diminished  by  that  above  A.  The  object  of 
having  liquid  in  both  arms  is  to  correct  for  the  difference  of  surface 
tension  which  would  exist  if  the  mercury  at  A  were  in  contact  with 
the  gas,  and  that  in  B  with  the  liquid. 

By  this  means  the  density  of  the  liquid  is  found,  and  the  results 
of  the  experiments  were  found  to  be  represented  by  the  following 
formulae : — 

For  nitrous  oxide  from  -  20°-6  C.  to  +  24°  C— 


p  =  0-342  +  0-001 66^  +  0  0922  ^^36 -4-^. 

For  carbon  dioxide  between   -  34°  C.  and  +22°  C. — 


/)  =  0-350  +  0-00355  +  0-101>/31-^, 

and  for  ethylene  at  -  21°  C,  -  3°-7,  4°-3,  and  6°-2  respectively,  the 
density  of  the  liquid  was  0414,  0353,  0'332,  and  0-31. 

The  saturated  vapours  were  studied  in  a  manner  similar  to  that 
employed  by  Ansdell,  namely,  by  noting  the  volume  at  the  point  of 
liquefaction.     The  formulae  obtained  were  : — 

For  nitrous  oxide  (saturated  vapour) — 

/)= 0-5099  -  0-00361^  -  0-0714  >,/36-4  ^. 

For  ethylene — 

p  =  0-1929  -  0-00188^  -  0-0346  ^'9-2-^, 

and  for  carbon  dioxide — 

p  =  0-5668 -0-00426^ -0-084^31  -T. 

These  formulae  belong  to  the  general  type 


where  0^  is  the  critical  temperature,  and  if  a  curve  be  constructed 
with  p  and  6  as  co-ordinates  it  will  be  an  arc  of  a  parabola.  Such  a 
formula,  of  course,  cannot  be  expected  to  be  more  than  roughly 
approximate. 

More  recently  M.  Amagat^  has  employed  a  somewhat  different 
method.  In  the  method  employed  by  Ansdell  the  saturated  vai)our 
density  is  estimated  by  observing  the  volume  occupied  by  the  sub- 
stance in  a  graduated  tube  when  the  pressure  is  increased  just  to  the 
point  of  liquefaction.     It  is,  however,  very  difficult  to  determine  the 

^  E.  Amagat,  Comptes  Rauliis^  toin.  cxiv.  p.  1093,  May  1892. 


474  THEORY  OF  HEAT  chap.t 

exact  point  at  which  the  first  traces  of  liquid  appear,  or  at  which  the 
last  traces  disappear,  and  a  small  trace  of  air  retards  the  liqaefaction 
considerably,  and  then  it  takes  place  at  a  pressure  notably  superior  to 
the  maximum  pressure  of  the  pure  vapour.  It  is  only  when  some 
of  the  Substance  has  been  condensed  that  liquefaction  takes  place  at 
the  normal  pressure.  For  this  reason  M.  Amagat  adopted  the  follow- 
ing method.  The  gaseous  substance  was  compressed  till  part  of  it, 
say  ^jf  the  total  mass,  was  liquefied.  When  equilibrium  was 
thoroughly  established  the  volumes  of  the  liquid  and  vapour  were 
observed.  The  condensation  was  then  proceeded  with  till  ^  or 
y^^  were  liquefied  and  the  new  volumes  were  observed.  If  Ar  and 
Ar'  denote  the  increase  of  liquid  and  the  decrease  of  vapour  when  we 
pass  from  the  first  stage  to  the  second,  p  and  p*  the  densities  of  the 
liquid  and  saturated  vapour  respectively,  then  the  mass  of  vapour  con- 
densed is 

p'Av'  or  pAr ; 

hence 

Ar  _p 

Ar'~p' 

But  if  V  and  v  denote  the  total  volumes  of  liquid  and  vapour,  we  have 

pV  +  p'v'  —  VI, 

where  m  is  the  whole  mass  of  the  substance.  From  these  two 
equations  we  obtain  the  quantities  p  and  p'  at  once. 

In  this  method  the  effect  of  the  variation  of  the  meniscus  with 
temperature  is  eliminated,  as  it  has  no  influence  on  the  ratio  of  Ar  to 
A/'.  The  ditticulty  of  the  observations,  however,  increases  rapidly 
as  the  criticiil  point  is  approached,  the  instability  of  the  substance 
rendering  it  difhcult  to  obtain  the  meniscus  in  a  steady  position. 

While  carrying  out  these  experiments  M.  Amagat  noticed  some 
interesting  effects  which  had  not  been  previously  recorded.  Thus  by 
slow  compression  the  meniscus  disappeared  at  a  temperature  inferior 
to  that  of  the  critical  point  (at  30  '5  C,  for  example,  in  the  case  of 
carbon  dioxide).  As  long  as  the  meniscus  existed  the  interior  generators 
of  the  tube  appeared  broken  at  its  level  (on  account  of  the  difference 
of  refractive  index)  in  such  a  way  as  to  produce  the  appearance  of  a 
sudden  diminution  of  internal  diameter  of  the  tube.  At  the  moment 
of  vanishing  of  the  meniscus  the  breach  in  the  generators  disappeared 
and  was  replaced  l)y  two  curves  joining  very  regularly  the  two 
portions  of  each  generator,  the  density  at  the  same  time  appearing  to 
pass  in  a  continuous  manner  through  all  values  from  p  to  p\  This 
appearance  was  very  transitory.  An  opaque  horizontal  band,  resem- 
bling a  thick  emulsion,  suddetdy  sprang  up  towards  the  middle  of  the 
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unrature  and  then  disappeared.  The  meniscus  then  vanished  with 
he  broken  generators,  and  a  shower  of  fine  drops  fell  upon  the  surface 
•f  the  liquid  and  agitated  it  violently.  In  some  cases  the  rain  of 
Iroplets  resembled  the  bubbles  of  vapour  rising  in  a  boiling  liquid, 
.nd  sometimes  bubbles  rose  while  the  droplets  fell,  both  phenomena 
►ccurring  simultaneously. 

These  facts  show  how  difficult  it  is  to  make  measurements  at 
rithin  two  or  three  tenths  of  a  degree  of  the  critical  point.  M. 
^agat  was,  however,  able  to  obtain  good  results  by  this  method  up  to 
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\V  C.  with  carbon  dioxide.  The  results  of  his  experiments  are  shown 
n  Fig.  146,  where  the  saturated  vapour  and  liquid  densities  are 
epresented  by  a  curve  having  the  densities  for  ordinates,  and  the 
orresponding  temperatures  for  abscissae.  This  curve,  like  those  of 
kIM.  Cailletet  and  Matbias,  resembles  a  parabola  having  its  axis  some- 
rhat  inclined  to  the  axis  of  temperature.  The  locus  of  the  middle 
K)ints  of  its  chords  is  accurately  a  right  line,^  but  the  summit  of  the 
urve  is  much  flatter  than  that  of  a  tnie  parabola,  the  densities  of  the 
iquid  and  vapour  rapidly  approaching  equality  at  the  critical  tem- 
»erature.  At  this  temperature  the  two  branches  of  the  curve  unite. 
*  [This  fact  is  generally  referred  to  as  the  law  of  rectilineal  diameters.] 


476 


THEORY  OF  HEAT 


CH4P.  T 


On  the  same  diagram  is  represented  the  curve  of  vapour  pressure 
having  the  same  temperatures  for  abscissae,  and  the  corresponding 
pressures  as  ordinates.  The  intersection  of  this  curve  with  the 
ordinate  at  the  critical  temperature  gives  the  critical  pressure.  All 
the  critical  constants  are  thus  determined.  For  carbon  dioxide 
M.  Amagat  finds 

^c  =  3r-35  C,  />c  =  72-9  atm.,  /)e  =  0-464. 

The  remaining  curve  shows  the  water-line  and  steam-line — that  is, 
the  border  curve  or  locus  of  points  at  which  the  substance  is  all  liquid 
or  all  saturated  vapour.  The  pressures  being  ordinates  and  the 
volumes  abscissae,  it  gives  the  volume  of  the  substance  when  it  is  all 
saturated  vapour  or  all  liquid  at  any  temperature  up  to  the  critical 
point.  The  results  of  the  experiments  on  carbonic  acid  are  contained 
in  the  following  table  : — 


'enip. 

Liquid 
Density. 

Vapf>ar 
Density. 

0-096 

Max. 
Vapour  I*re8- 

sure  Atm. 

1 
1 

Temp. 

18" 

Liquid 
Density. 

0-786 

Vapour 
Density. 

Max. 

Vapour  Prei- 
sure  Atm. 

0" 

0-914 

1 
34-3 

0-176 

53-8 

1 

0-910 

0-099 

35-2 

19 

0-776 

0-183 

55-0 

2 

0-906 

0-103 

36-1 

20 

0-766 

0-190 

56-8 

3 

0-900 

0-106 

37  0 

21 

0-755 

0-199 

57-6 

4 

0-894 

:     0.110 

38-0 

22 

0-743 

0-208 

59-0 

5 

0-888 

i     0-114 

39-0 

23 

0-731 

0-217 

60-4 

6 

0-882 

0-117 

400 

24 

0-717 

0-228 

61-8 

7 

0-876 

0121 

41-0 

25 

0-703 

0-240 

63-3 

8 

0-869 

0-125 

42-0 

26 

0-688 

0-252 

64-7 

9 

0-863 

0-129 

43-1 

27 

0-671 

0-266 

66-2 

10 

o-8r>6 

0-133 

44-2 

28 

0-653 

0-282 

67-7 

11 

0-848 

0-137 

45-3 

29 

0-630 

0-303 

69-2 

12 

0-841 

0-142 

46-4 

30 

0-598 

0-334 

70-7 

1:3 

0-831 

0-1  17 

47-5 

30-5 

0-574 

0-356 

71-5 

14 

0-822 

0-152 

48-7 

31-0 

0-536 

0-392 

72-3 

15 

0-814 

0-158 

50  0 

31-25 

0-497 

0-422 

72-8 

16 

0-804 

0-164 

51  -2 

31-35 

0-464 

i     0-464 

72-9 

17 

0-796 

0170 

52-4 

... 

... 

i 

•  •  ■ 

246.  James  Thomson's  Hypothesis. — Two  years  after  the  publica- 
tion of  Andrews's  experiments  on  the  isothermals  of  carbon  dioxide, 
Professor  James  Thomson  ^  supplemented  these  curves  by  an  ingenious 
speculation  suggested  l)y  the  shape  of  the  isothermals  immediately 
above  the  critical  temperature,  as  well  as  by  the  idea  of  continuity  of 
transformation  so  nuich  insisted  on  by  Andrews.  Thus  in  Fig.  H7 
the  broken  line  ABODE  represents  the  ordinary  isothermal  of  a  sub- 
stance passing  from  the  liquid  to  the  gaseous  state.  The  part  AB 
refers  to  the  liquid  stiite,  and  is  approximately  a  straight  line  parallel 
to  the  axis  of  pressure.     At  B  the  vapour  pressure  is  equal  to  the 

^  J.  Thomson,  Proc.  Hoy.  Soc.,  1871. 
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external  pressure,  and  the  substance  begins  to  separate  into  a  mixture 
of  satiu'ated  vapour  and  liquid.  The  quantity  of  vapour  increases  at 
the  expense  of  the  liquid  till  D  is  reached,  and  here  the  substance  is 
Eill  converted  into  saturated  vapour.  While  this  transformation  is  in 
progress  the  pressure  remains  constant,  and  the  line  BD,  represent- 
ing the  isothermal  of  the  mixture,  is 
parallel  to  the  axis  of  volume.  Beyond  D 
the  substance  is  a  non-saturated  vapour, 
and  the  isothermal  approximates  more 
and  more  closely  to  that  of  a  perfect 
gas.  In  the  whole  isothermal  there  are 
breaches  of  continuity  at  B  and  D,  if  the 
temperature  is  below  that  of  the  critical 
point,  but  no  such  discontinuity  appears 
in  the  case  of  an  isothermal  above  the 
critical  temperature.  Here  the  curvature 
of  the  isothermal  undergoes  no  sudden 
change  at  any  point.  The  whole  curve  is  continuous  and  un- 
broken throughout  its  course.  The  same  remarks  apply  to  the  state 
of  the  substance.  Along  the  line  AB  the  whole  mass  is  liquid  and 
homogeneous  throughout.  At  B  discontinuity  of  state  sets  in,  one 
portion  being  liquid  and  the  other  portion  vapour.  At  D  the  simul- 
taneous existence  of  the  two  states  ceases,  and  the  whole  mass  again 
assumes  a  uniformity  of  state,  being  entirely  converted  into  vapour. 

In  order  to  complete  the  continuity  which  exists  above  the  critical 
temperature,  and  extend  it  to  transformations  below  that  temperature, 
Thomson  put  forward  the  suggestion  that  AB  and  DE  are  portions  of 
the  same  continuous  curve,  and  are  joined  by  some  ideal  branch,  such 
as  BMCND,  along  which  the  substance  might  pass  continuously  from 
the  liquid  to  the  gaseous  condition  without  any  separation  into  two 
distinct  states  simultaneously  existing  in  contact  with  each  other. 
This  part  of  the  curve  is  very  interesting,  for  along  the  portion  BM 
the  condition  of  superheated  liquids,  as  exemplified  in  the  experiment 
of  Donny  and  Dufour  (Art.  190),  finds  representation,  and  along  the 
portion  DN  the  condition  of  supei*saturated  vapours  finds  place.  Thus 
the  abnormal  conditions  of  both  liquids  and  vapours  are  embraced  by 
Thomson's  curve,  and  the  so-called  difficulty  of  commencement  of 
change  of  state  is  merely  the  passage  of  the  substance  along  the  curve 
BMCND  for  some  distance  beyond  B  or  D. 

The  condition  of  the  substance  at  any  point  along  this  curve  is  one 
of  uniformity  throughout  the  mass,  but  it  is  essentially  one  of  unstable 
equilibrium   for   any    considerable   displacement.      Thus  the  vapour 
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at  N  is  what  we  have  termed  supersaturated,  and  if  the  equilihrium 
be  disturbed,  condensation  will  set  in,. and  if  the  temperature  be  kept 
constant,  the  point  representing  the  state  of  the  substance  will  fall 
with  a  decrease  of  volume  to  n,  where  the  mass  is  partly  liquid  and 
partly  vapour.  In  the  same  manner  at  M  the  condition  is  that  of  a 
uniform  superheated  liquid,  and  if  the  equilibrium  be  disturbed  a 
sudden  formation  of  vapour  with  explosive  violence  takes  place,  and 
the  condition  of  stable  equilibrium  for  the  same  temperature  is  assumed 
at  w,  where  the  substance  is  partly  liquid  and  partly  vapour. 

Along  the  portion  between  M  and  N  the  curve  slopes  upwards, 
indicating  that  the  volume  and  pressure  increase  simultaneously,  an 
unstable  condition  which  is  not  easily  conceived,  and  which  can  never 
be  realised  in  a  homogeneous  mass.  Experimental  evidence  of  this 
part  of  the  curve  cannot  therefore  be  expected,  unless  perhaps,  as  J. 
Thomson  himself  suggested,  it  may  exist  in  passing  through  the  thin 
surface  film  of  a  liquid  in  contact  with  its  own  vapom*. 

If  the  isothermal  curves  for  any  substance  be  traced,  each  on  a 
separate  sheet  of  cardboard,  the  upper  portion  of  the  cards  being  cut 
away  along  the  curves,  and  if  these  cards  be  placed  with  their  planes 
parallel  and  at  distances  equal  to  the  corresponding  difference  of  tem- 
perature, they  will  form  the  characteristic  surface  of  the  substance, 
ip,  V,  0  and  exhibit  the  relation  between  ^?,  v,  and  0,  Thomson  constructed 
such  a  model  for  carbon  dioxide  from  the  curves  of  Fig.  147.  This 
surface  exhibits  very  clearly  the  remarkable  changes  of  volume  at  and 
near  the  criticfil  point,  and  it  assists  in  giving  a  clear  view  of  the 
nature  and  meaning  of  the  continuity  of  the  liquid  and  gaseous  states. 

Although  the  whole  mass  of  a  sul>stance  passing  from  the  state  of 
vapour  at  D  to  the  liquid  state  at  B  cannot  be  made  to  i>ass  continu- 
ously along  the  curved  path  DNCMB,  yet  during  the  process  of  lique- 
faction sUites  corresponding  to  various  points  on  this  line  may  exist, 
and  the  passage  under  constant  pressure  from  vapour  to  liquid  along 
the  straight  line  DCB  may  be  the  result  of  the  passage  of  small  por- 
tions of  the  substance,  variously  located  throughout  the  mass,  through 
the  states  represented  by  some  such  curve  as  that  suggested  by  James 
Thomson.  Thus,  although  the  transformation  as  a  whole  appears 
discontinuous,  the  continuity  may  be  present  in  various  parts  of  the 
mass  while  the  transformation  is  being  condiuited. 

The  question  now  arises  as  to  ho\v  the  line  BD  is  situated  with 
respect  to  the  hypothetical  curve  BMND ;  in  other  words,  being 
given  the  curve  find  the  position  of  the  line,  or  the  pressure  of  normal 
ebullition  at  the  temperature  of  this  isothermal.  The  answer  to  the 
question  appears  to  be  that  the  right  line  must  be  drawn  so  that  the 
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rea  BMC  is  equal  to  the  area  CND.  The  reasoning  by  which  Max- 
rell  ^  arrived  at  this  conclusion  is  as  follows.  Suppose  the  substance 
o  pass  from  B  to  D  along  the  hypothetical  curve  in  a  state  always 
loraogeneous  throughout,  and  to  return  to  B  from  D  along  the  straight 
ine  DB  in  the  form  of  a  mixture  of  liquid  and  vapour.  Since  the 
emperature  is  constant  throughout,  no  work,  on  the  whole,  can  have 
)een  converted  into  heat  (Second  Law,  see  p.  49).  But  the  external 
vork  done  by  the  substance  in  the  first  part  of  the  process  is  repre- 
ented  by  the  area  enclosed  by  the  curve,  and  the  ordinates  at  B  and 
3  with  the  axis  of  volume,  while  that  done  on  the  substance  in  the 
lecond  is  represented  by  the  area  enclosed  by  the  line  BD  with  the 
;ame  ordinates  and  axis.  Hence  these  areas  must  be  equal  and 
)pposite ;  or,  in  other  words,  the  area  BMC  is  equal  ^  to  the  area 
I!ND.  The  value  of  either  area  of  course  cannot  be  determined,  and 
.he  shape  of  the  curve  between  B  and  D  cannot  be  determined  until 
lome  general  relation  between  the  pressure,  volume,  and  temperature 
las  been  established. 

Passing  along  the  right  line  BD,  the  substance  is  partly  liquid  and 
tartly  vapoiu*,  but  in  passing  from  the  state  of  liquid,  at  B,  to  that  of 
saturated  vapour,  at  D,  along  the  curve  suggested  by  Thomson,  the 
mbstance  is  at  each  point  of  the  path  homogeneous  throughout.     The 

*  Maxwell,  Nature,  vol.  xi.,  1875. 

'^  The  equality  of  these  areas  has  been  deduced  by  Clausius  [Wicd.  Ann.,  vol. 
X.  p.  337,  1880)  from  the  algebraic  statement  of  the  Second  Law.  Assuming  the 
iycle  composed  of  the  curve  BMND  and  the  line  DB  to  be  reversible,  we  have  for 
the  whole  cycle  (see  Art.  333) 


f 


but  throughout  the  cycle  the  temperature  is  constant,  therefore 

/(IQ  =  0, 

or  no  heat  is,  on  the  whole,  given  to  the  substance  or  taken  from  it  during  the  pro- 
cess, and  consequently  as  before  the  areas  are  ecjual.  Thus,  Maxwell's  proof  rests 
ultimately  on  the  same  axiom  as  that  of  Clausius,  viz.  on  the  second  law  of  thermo- 
dynamics. Both,  however,  apply  principles  derived  from  experience  to  a  case  which 
cannot  be  realised  experimentally,  namely,  the  jmssage  through  the  states  repre- 
sented by  the  curve,  and  which  coiise([ueutly  casts  doubt  on  the  legitimacy  of  the 
[conclusions.  A  proof  of  the  theorem  can  also  be  derived  from  the  theorems  of 
Gibhs  on  the  thermodynamic  surface  (Gibbs  on  the  E(iuilibrium  of  Heterogeneous 
Substances,  Chap.  VIII.,  Sec.  VI.). 

It  may  be  remarked  that  the  internal  energy  of  the  mixture  of  liquid  and  satur- 
ated vapour  at  the  i>oint  C,  where  the  James  Thomson  curve  is  cut  by  the  right  line 
BD  (Fig.  147),  is  not  the  same  as  the  internal  energy  of  the  mass  at  the  same  jwint 
when  in  the  hypothetical  liomogeneous  state,  but  the  internal  energies  in  the  two 
states  at  C  differ  by  the  area  of  either  loop  BCM  or  CDN. 
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equality  of  areas  just  mentioned  may  therefore  be  stated  in  either  of 
the  following  ways: — "The  pressure  of  the  saturated  vapour  is  such  tbt 
the  external  work  done  during  vaporisation  is  the  same  as  that  which 
would  be  performed  if  the  substance  increased  its  volume  by  the  same 
amount,  while  at  each  stage  of  the  transformation  it  remained  homo- 
geneous throughout/'  or  "  the  pressure  of  a  saturated  vapour  is  equal 
to  the  7nean  pressure  of  the  substance  while  receiving  an  increase  of 
volume  corresponding  to  complete  vaporisation,  and  remaining  at  each 
stage  of  the  process  homogeneous  throughout" 

A  method  of  plotting  the  unrealisable,  or  James  Thomson,  part  of 
the  isothermal  curve  has  been  described  by  Professors  Ramsay  and 
Young.  ^  The  relation  between  temperature  and  pressure  is  deter- 
mined by  drawing  vertical  lines  (constant  volume)  across  the  isothermal 
curves,  cutting  them  in  points  which  correspond  to  certain  definite 
pressures,  which  may  be  determined  from  a  properly  constructed 
diagram.  A  series  of  equi- volume  curves  may  thus  be  plotted  out  by 
using  the  temperatures  as  ordinates  and  the  pressures  as  abscissae. 
All  such  curves  were  found  to  be  straight  lines,  the  relation  between 
pressure  and  temperature  at  constant  volume  being  linear  and  of  the 
form  2 

p  =  bQ-ay 

where  a  and  b  are  constants  depending  on  the  volume  chosen,  and 
varying  with  it.  The  values  of  a  and  b  being  found  by  experiment 
for  any  volume  at  temperatures  above  the  critical  point,  extrapola- 
tion was  then  applied  to  temperatures  below  the  critical  point,  and  the 
relation  between  pressure  and  temperature  determined  along  the 
unrealisable  part  of  the  curve.  Experimentally  the  pressure  may  be 
cautiously  reduced  below  the  point  at  which  boiling  occurs,  and  simi- 
larly a  part  of  the  curve  on  the  other  side  can  be  realised  by  having 
the  vapour  in  a  space  free  from  dust,  so  that  condensation  does  not 
begin,  although  the  temperature  is  below  that  of  condensation. 

The  equality  of  the  areas  of  the  curve  above  and  below  the  hori- 
zontal vapour  line,  as  already  referred  to,  was  tested  and  verified  by 
tracing  the  curve  in  this  manner  on  tin  plates,  and  cutting  out  the 
segments  and  weighing.^ 

^  Xaiure,  vol.  xliv.  p.  276  and  p.  608,  1891. 

-  The  equation  of  van  der  Waals  is  of  this  form  (see  p.  503). 

**  [The  author  has  8Uggeste<l  that  a  conceivable  manner  in  which  the  change  from 
li([uid  to  vapour  might  take  place  is  by  the  formation  of  a  very  large  number  of 
equal  bubbles  e([ually  distributed  throughout  the  mass,  gravity  being  supposed  not 
to  act.  If  these  bubbles  grew  uniformly  till  they  touched,  the  mass  finally  changing 
to  a  number  of  equal  small  drops  of  licjuid  distributed  throughout  the  vapour,  and 
these  drops  gradually  increased  in  size  and  coalesced,  then  the  changes  of  pressure 
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Note. — Near  the  critical  point  small  changes  of  pressure  are  attended  by  consider- 
kble  changes  of  density.  M.  Gouy  {Cmnptes  Heiidua,  torn,  ex  v.  p.  720,  1892)  has 
»n8ec}uently  directed  attention  to  the  important  influence  of  the  weight  of  super- 
ncumbent  mass  of  fluid  on  the  lower  strata  of  a  substance  near  its  critical  point, 
rhe  eflect  of  this  pressure  will  be  to  place  the  lower  strata  under  pressures  higher 
;han  that  appertaining  to  the  critical  point  while  the  upper  strata  are  still  at  lower 
iressures.  The  upper  and  lower  strata  may  thus  be  at  very  different  mean  densities, 
md  in  M.  Gouy's  opinion  this  may  explain  the  observations  of  MM.  Cailletet  and 
^olardeau  (see  further  a  note  by  G.  Zambiasi,  Phil.  Mag.  vol.  xxxvi.  p.  230,  Aug.  1898). 


iod  volume  might  be  represented  by  a  curve  resembling  J.  Thomson's  curve  in  form. 
The  mass  would  of  course  be  heterogeneous  and  the  condition  unstable.  (T.  Preston, 
^hil.  Mag.,  Sept.  1896.)] 


2  I 


SECTION  VII 

ON   EQUATIONS   RELATING   TO   THE   FLUID   STATE  OF  MATTER 

247.  Early  Experiments  on  Boyle's  Law. — A  perfect  gas  has 
been  referred  to  already  as  an  ideal  substance  which  rigorously  obeys 
Boyle's  law.  The  substance^  which  are  ordinarily  termed  gases  and 
vapours  obey  this  law  only  more  or  less  approximately.  Within  fairly 
wide  limits  the  volume  of  any  ordinary  gas  varies  very  approximately 
in  the  inverse  ratio  of  the  pressure  to  wliich  it  is  subject.  This  law  was 
discovered  by  Robert  Boyle  in  1660,  and  in  1661  he  presented  to  the 
Royal  Society  his  work,  "  Touching  the  Spring  of  Air  and  its  Effects." 
With  respect  to  the  experiments  on  air  he  says :  "  'Tis  evident  that 
as  common  air  when  reduced  to  half  its  natural  extent  obtained  a 
spring  about  twice  as  forcible  as  it  had  before,  so  the  air,  being  thus 
compressed,  being  further  crowded  into  half  this  narrow  space,  obtained 
a  spring  as  strong  again  as  that  it  last  had,  and  consequently  four  times 
iis  strong  as  that  of  common  air." 

According  to  the  dynamical  theory  of  gases  Boyle's  law  is  a  con- 
sequence of  the  comparatively  very  wide  separation  of  the  molecules. 
Wlien  the  molecules  are  widely  separated,  so  that  they  possess  free 
paths,  during  which  they  move  in  right  lines,  and  are  free  from  mutual 
influences,  the  time  spent  in  mutual  influence  becomes  vanishingly 
small  compared  with  the  time  spent  in  traversing  the  free  path,  and 
as  a  consequence  the  mutual  eflect  of  the  molecules  on  each  other 
becomes  negligible,  at  least  in  a  first  approximation.  The  nature  of 
the  molecules  and  their  mutual  actions  when  near  each  other  are  thus 
eliminated  from  consideration.  Such  perfect  freedom  of  a  system  of 
molecules  from  mutual  influence  is  only  attainable  ideally  as  a  limiting 
case.  In  the  gases  found  in  nature  the  time  spent  by  any  molecule  in 
its  collisions  with  the  others  is  not  vanishingly  small  compared  with 
the  whole  period,  and  for  this  reason  the  effect  of  the  mutual  inter- 
actions of  the  molecules  becomes  sensible,  and  deviations  from  the 
law  of  Boyle  of  greater  or  less  magnitude  are  exhibited. 
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Boyle  himself  does  not  appear  to  have  considered  this  law  to 
>osse8s  the  wide  generality  afterwards  attributed  to  it.  He  believed 
hat  for  pressures  above  four  atmospheres  the  compression  of  air  was 
ess  than  the  amount  deduced  from  the  law,  and  Muschenbroek  ^ 
ippears  to  have  arrived  at  the  same  conclusion. 

Sulzer  and  Robison  -  both  obtained  the  opposite  result,  and  found 
bat  when  the  pressure  was  increased  in  the  ratio  of  7  to  1 ,  the  density 
ncreased  in  the  greater  ratio  of  about  8  to  1.  This  indicated  a  very 
vide  divergence  from  the  law,  and  must  be  attributed  to  faulty  appa- 
atus  and  the  mode  of  observation,  for  later  experiments  by  Oersted  and 
>wendsen,^  with  improved  apparatus,  gave  results  which  were  very 
onsistent  with  the  law,  although,  on  the  whole,  the  density  appeared 
o  increase  somewhat  faster  than  the  pressure.  This,  however,  they 
ttribiited  to  errors  of  observation. 

The  next  series  of  experiments  was  by  Despretz.*  The  direct 
►bject  of  this  investigation  was  to  determine  if  all  gases  were  equally 
ompressible.  It  consequently  was  not  ascertained  if  any  particular 
;a8  obeyed  Boyle's  law,  but  rather  that  the  diflferent  gases  were  com- 
tressed  by  different  amounts  when  subjected  to  the  same  increase  of 
)ressure ;  and  hence,  if  any  one  of  the  gases  examined  obeyed  the 
aw  accurately,  the  deviations  of  the  others  from  it  could  be  deduced. 
The  method  of  experiment  was  to  enclose  different  gases  in  barometer 
ubes  standing  in  the  same  cistern.  The  tubes  were  all  of  the  same 
ength,  and  the  quantity  of  gas  in  each  was  so  adjusted  that  initially 
he  mercury  stood  at  the  same  level  in  all  the  tubes.  The  system 
vas  then  placed  in  a  tall  cylinder  filled  with  water  and  fitted  with  a 
icrew,  by  which  the  pressure  could  be  increased  at  pleasure.  It  was 
hen  found  that  when  the  pressure  was  increased  the  previous  equality 
)f  volume  of  the  various  gases  became  destroyed,  and  that  the  level 
)f  the  mercury  stood  higher  in  some  of  the  tubes  than  in  others.  It 
ras  thus  found  that  such  gases  as  carbonic  acid  and  ammonia  were 
nore  compressible  than  air,  and  that  when  the  pressure  exceeded  15 
ktmos.,  hydrogen  exhibited  an  opposite  effect.  Up  to  15  atmos.  no 
lifference  of  behaviour  between  air  and  hydrogen  could  be  detected, 
)ut  at  higher  pressures  the  hydrogen  possessed  a  sensibly  greater 
volume.  This  showed  that  of  all  the  gases  examined  hydrogen  was 
he  least  compressed  at  high  pressures,  or  that  the  product  pv  was 
^eater  for  air  than  for  any  other  gas  except  hydrogen.     If  the  values 

*  See  the  introduction  to  Regnault's  Memoir  on  the  compressibility  of  gaaes 
Mim,  dcl'Aanl.,  torn.  xxi.). 

*  Robison,  Afccliftiiical  Philosophij^  vol.  iii.  p.  637. 

*  Edin.  Journal  of  Science,  vol.  iv.  1826. 

*  Despretz,  Ann,  de  Chimic  ct  dc  Physique,  2«,  torn,  xxxiv.  pp.  335,  443  ;  1827. 
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of  pr  were  tabulated  from  such  an  experiment,  while  the  temperatnre 
was  maintained  constant,  the  extent  to  which  the  various  gases  deviated 
from  Boyle's  law  would  be  placed  in  evidence,  and  if  every  precaution 
has  been  taken  to  obtain  them  perfectly  free  from  aqueous  vapour,  and 
all  other  impiu*ities,  the  discrepancies  must  be  attributed  to  an  actual 
difference  of  compressibility  of  the  various  gases. 

The  research  was  next  taken  up  by  Pouillet,^  who  followed  the 
method  of  Oersted  and  Despretz.  He  compared  the  compressibilitT 
of  two  gases  contained  in  tubes  about  2  m.  long,  and  he  concluded 
that  oxygen,  hydrogen,  and  nitrogen  were  equally  compressible  up  to 
100  atmos.,  and  that  sulphurous  acid,  carbonic  acid,  ammonia,  etc,  were 
notably  more  compressed  than  the  former  under  high  pressures.  It 
still  remained,  however,  to  test  the  obedience  of  any  single  gas  to 
Boyle's  law ;  it  was  still  believed  that  air  obeyed  the  law,  and  the 
investigation  of  this  point  was  taken  up  by  Dulong  and  Arago.- 
Their  experiments  ranged  up  to  27  atmos.,  and  within  these  limits 
they  found  that  the  observed  volume  was  always  slightly  less  than 
that  calculated  by  the  law.  From  an  inspection  of  the  numbers 
furnished  by  their  experiments  it  appears  that  the  difference  between 
tlie  observed  and  calculated  volumes  did  not  increase  but  rather 
diminished  as  the  pressure  increased.  Tlie  difference,  however,  was 
always  very  small,  and  fluctuated  a  good  deal  in  magnitude,  so  that 
it  could  not  be  concluded  with  confidence  that  any  deviation  from 
Boyle's  law  had  been  proved.  For  this  reason  the  whole  matter  was 
investigated   by  Uegnault  -^  in  a   much  more  comprehensive  manner. 

^   Pouillet,  Eltnicnts  d*',  Pkysiqiie,  toiii.  i.  p.  327. 

-  Dulong  et  Arago,  Ann.  dc  Chinto  d  dc  Phi/stqnr,  '2^',  toni.  xliii.  p.  74,  1830. 

^  Regnault.  Mttn.  dc  VJcad.,  torn.  xxi.  i».  829. 

In  Reguault's  exi)criments  on  Boyle's  law  the  divergence  of  pr  could  not  have 
been  due  to  errors  of  observation.  The  differences  would  have  required  an  error  of 
reading  of  the  pressure  of  from  2  to  118  nun. 

Regnault  represented  the  results  <»f  his  ex[»eriinent  by  a  formula — 


''';;;'= irA(:::-i)-B(^>-iy 


In  his  second  memoir  he  proposed  the  formula  (/>  being  expressed  in  metres  of 
mercurv) — 

'    ''"-1-A;y>  -0-76)-f  Bii)-0-76)-. 

For  air  and  nitrogen  A  was  negative  and  B  positive  ;  for  carbonic  acid  both  A  and 

B  were  negative  :  and  for  hydrogen  both  were  [wsitive. — lidatimi  des  Ejj)eru'ii<:(S, 

torn.  ii.  ]).  237.  etc. 

The  fornuda — 

pr=p\l{"H-/r^Efi. 

connecting  tlie  pressure,  volume,  and  temperatnre  of  a  gas,  was  proposed  by  Schn-der 
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The  method  of  experiment  adopted  was  to  enclose  the  gas  under 
examination  in  a  glass  tuhe  of  acciu^ately  determined  capacity,  and 
surrounded  by  a  bath  kept  at  a  uniform  temperature.  The  gas  filled 
the  tube  initially,  and  its  pressure  p^  was  registered  by  means  of  an 
open  air  mercury  manometer.  The  pressure  was  then  increased  by 
forcing  the  merciury  to  rise  from  a  cistern  below  into  the  manometer 
tube,  and  this  was  continued  till  the  volume  of  the  gas  was  reduced 
to  half  its  initial  volume,  or  very  approximately  so.  Thus  if  Boyle's 
law  is  obeyed,  and  if  r^  =  2r,  then  we  ghould  have  p  =  2j?q.  In 
practice  it  was  more  convenient  to  bring  the  final  volume  v  approxi- 
mately to  the  value  ir^,  and  then  observe  the  pressure  jo,  when  the 
initial  pressure  />,>  was  varied  by  admitting  different  quantities  of  gas 
into  the  tube.  The  following  table  contains  the  results  of 
Regnault's  expenments  on  air,  nitrogen,  hydrogen,  and  carbon 
dioxide.  It  will  be  observed  that  in  no  case  was  the  product  pv 
found  to  be  constant,  but  that  the  quotient  Pq%Pv  exceeds  unity  in 


Air. 


Nitn)>fe»i. 


CaH»on  <lioxi«l»*. 


J^f 


JJo'Vii**-. 


JHt- 


i'oPo/i»'*. 


i>o. 


7*o«'o/i» 


IIy«lro^«>n. 


mm. 

753-46    1-000988 


mm. 

738*72  1-0014U 

2112-53  1-002765      4953-92    1-002952 

4140-82  1  -003-253      8628*54  ;  1  -004768 

9336-41  1006366    10981-42    r006456 


mm. 

764-03  1-007597 

3186-13  1-028698 

4879-77  10456-25! 

9619-97  1-155865' 


J>o. 


mm. 


J>f»'Vpr. 


2211-18  I  0-998584' 
5845-18  \  0-996121  , 
9176-50    0-992933  ' 


the  case  of  all  the  gases  except  hydrogen,  and  notably  in  the  case 
of  carbonic  acid.  In  the  case  of  hydrogen,  however,  the  quotient  was 
less  than  unity,  and  the  inference  was  that  within  the  limits  of  these 
experiments  the  product  pr  diminishes  as  the  pressure  increases  for 
all  the  gases  examined  except  hydrogen.  In  the  case  of  this  gas  the 
de^^ation  is  in  the  opposite  direction,  the  product  pv  increases,  and  the 
compressibility  is  less  than  that  deduced  from  Boyle^s  law.  This 
apparently  peculiar  and  unexpected  behaviour  drew  from  Regnault 
the  ironical  remark  that  hydrogen  was  a  "gaz  plus  que  parfait." 

Later  experiments  have,  however,  shown  that  this  property  is  not 


van  der  Kolk.     From  this  it  would  follow  that  Hoyle's  law  would  hold  only  at  the 
temperature 


e^  - 


h 


a 


From   Kegiiault's  e.xperiments  M.  Reye  calculat«*d  that  this  temperature  for  air  is 
79'  C.    fnr  CO.^  156   C,  and  for  hydrogen  -  41  . 
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characteristic  of  bydrogon,  but  is  exhibited  by  all  other  gases  under 
high  pressures,  provided  they  remain  in  the  gaseous  state  under  tliew 
General  pressures.  The  general  law  seems  to  be  that  the  product  j>r  at  firs 
1*"-.  diminishes  as  the  pressure  is  increased,  and  after  attaining  a  TninnDnm 
value  it  begins  to  increase  steadily  with  the  pressure.  The  exM 
course  of  the  variations  of  jm-  is,  however,  modilied  to  a  considerable 
extent  by  the  temperature  at  which  the  experiments  are  made.  Hui 
is  placed  in  evidence  by  the  following  important  investigatioiu  of 
M.  Amagat : — 

248.  Amagat's  Experiments.  —  The  experiments  of  Segnult 
proved  conclusively  that  Boyle's  law  is  not  rigorously  obeyed  by  tof 
gas  in  nature,  and  that  in  the  case  of  all  the  gases  examined,  exMfl 
hydrogen,  the  product  />'-  diminished.  Within  the  limite  at  dM 
experiments  it  appeared  that  pv  continued  to  diminish  as  the  ptflpP 
increased.  That  this  dimiiuition  of  pr  does  not  go  on  iadeSriW^i 
but  that  after  decreasing  for  some  time  a  value  of  the  prasaOTftJIVs 
idtimately  reached  beyond  which  the  product  pp  increased,  asAtj)^ 
case  of  hydrogen,  was  first  discovered  b}'  Xatterer  while  endeavott^ 
to  li(iuefy  the  so-called  pei-manent  gases — oxygen,  hydrogen.  inrflSr. 
Although  the  grouiul  thus  broken  by  Xatterer^  was  of  the  hj^bsM 
interest  and  importance,  nearly  twenty  years  elapsed  before  ibr 
subject  was  taken  up  and  examined  more  thoroughly.  This  was  dooc 
simultaneously  by  C'ailletet  and  Amagat  in  1870  ;  and  the  e.Y^teriiDrat^ 
of  the  latter  *  especially  have  advunced  the  knowledge  of  the  «x\jgA 

'  ,1.  KnlteriT,  (f  iVii-r  /fr..,  ISf.0. 1S5I.  1S54  ;  Fogg.  Ann.,  vol,  Ixii.  p.  IM  ;  tcL 

nciv.  p.  4ae. 

'  AiiiBgat,  .^Hl^.  ,Ie  Chimit  tl  <lr  I'/iuslqid;  V.  torn.  isii.  ;  6',  torn,  isia  f.  W- 
Comptrs  Itrtuliii,  toni.  Ixxiii.  ]<.  183  :  turn.  l\xv.  |i.  479  ;  torn.  cKv.  p.  638,  etc,  tW- 

Aumgst  (Conifilca  J.'eadua,  torn,  xci.v.  ]\  1163)  gives  tlie  following  table  fertki 
produot  pr  for  nitrog:en  and  air  at  the  ordinary  temperalare  of  14'  C,  b;  whkb  Ibe 
corrett  reading  of  ati  aniiiiary  air  inanonivter  ma}'  be  deterniiDed  at  oTdinu; 
teinpcratiires;  — 


1  0000 

1-0000 

0-P930 

0-9901 

0-991!' 

0-98711 

0-990S 

0-98.56 

0-9899 

0-983-.' 

MrtX.(" 

-Vllroiwii. 

Air. 

Jlereutj-.     ' 

pr. 

pr- 

00                 45 

09896 

0  9816 

01                 50 

o-eaB7 

0'9808 

•<t                 S5 

0-9902 

0-9S04 

i6                 «0 

0-9908 

0-9803 

3-.'               6fi 

0-9913 

0-9807 

liitnn  ft  mercury 

n  a  tube  attached  to  a  to 
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n  a  marked  degree.  The  method  of  experiment  consisted  essentially 
n  the  comparison  of  two  manometers — one  containing  nitrogen,  and 
he  other  containing  the  gas  under  examination.  The  latter  was 
ilaced  in  a  bath,  the  temperature  of  which  could  be  varied  at  pleasure, 
ind  also  maintained  uniform  during  a  aeries  of  observationB.  A 
nvvious  investigation  of  the  compressibility  of  nitrogen,  made  with 
he  greatest  care  (the  pressure  being  directly  determined  by  means  of 
in  open  air  manometer),  furnished  the  means  of  determining  the 
hCtual  pressure  by  means  of  the  nitrogen  manometer.  Thus  in  the 
jresent  investigation  the  volume  and  temperature  of  the  gas  under 
ixamination  were  directly  observed,  and  the  pressure  was  determined 


t>7  the  nitrogen  manometer.  All  the  quantities,  p,  r,  and  6  are  thus 
known,  and  the  variations  of  any  function  of  these  quantities  may  be 
letennined.  M.  Amagat  represented  tbe  variation  of  the  product^ 
it  constant  temperature  by  tracing  curves,  of  which  the  ordinates 
irere  the  values  of^,  and  tbe  abscissfe  tbe  corresponding  values  of  p. 
\n  inspection  of  theee  curves  shows  that  all  the  gases  examined  may 
M  divided  into  two  groups.  Hydrogen  is  typical  of  the  first  group, 
md  in  this  (Fig.  1 48)  the  curves  are  sensibly  stiaight  lines  within  the 
jmits  of  the  experiments.  The  lines  corresponding  to  different 
xmperatures  are  parallel  to  each  other,  but  inclined  to  the  axis  of 
ireesure  in  such  a  manner  as  to  indicate  that  pv  increases  uniformly 
irith  tbe  pressure.     Carbon  dioxide  and  ethylene  are  typical  of  the 
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second  group.     In  this  caae  pr  diminiBhes  to  a  minimum,  and  tlwn 
increases  iDdefiaiuly  with  tbe  pressure. 

If  Boyle's  law  were  rigorously  obeyed  tbe  curve  connecting  fv  tod 
p  would  be  a  right  line,  parallel  to  tbe  axis  of  pressure,  and  the  enm 

connecting  /*  and  r  at  constiiiiL  teiiiperiituri.'  would  1«  an  eqtiilatca] 
byperbola.  Hence  in  the  case  of  carbon  dioxide  and  other  sufaetuMn 
of  this  group,  the  curve  connecting  //  and  v  is  at  first  st^tper  tlias  Ifct 
hyperbola,  and  afterwards  becomes  less  steep,  and  is  not  aayt 
to  tbe  axis  of  pressure. 

The  behaviour  of  nitrogen  is  shown  in  Fig.  149.     At  lowp 
the  product  /-r  iliniiuishes  as  the  ;>n'ssnrc  increases,  but  afier  reuUng 
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a  minimum  the  product  begins  to  increase,  and  the  curve  riaw'l&l 
that  of  iiydrogcn.  The  Ggure  shows  the  curves  for  experiment*  «aB- 
ducted  at  li''-",  30'-l,  50"-4,  7r)'5,  lOO'-l. 

The  curves  for  ethylene  ai-e  shown  in  Fig.  150.  Id  this  caae  tbe 
variation  of  j>r  is  much  moru  marked.  The  curve  falls  rapidly  at  fint 
and  is  concave  towards  the  axes.  It  then  turns  and  rises  almost 
unifoi-ndy.  It  will  be  observed  that  as  the  temperature  increases  the 
marked  drop  in  the  curve  as  well  as  tbe  concavity  disappears,  and  it 
is  to  I(e  surmised  that  above  a  certjvin  tomperatui-e  the  curve  woulJ, 
like  that  belonging  to  hydi'ogeii,  .show  only  an  upward  slope.  The 
fact  that  the  pivxluet  pr  alwayt  increases  for  hydrogen  is  then  » 
setpience  of  the  fact  that  at  ordinary  temperatures  it  is  farther  from 
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a  critical  temperature  than  the  other  gases,  or  at  least  it  is  so  far 
jmored  from  it  that  the  initial  downward  slope  has  disappeared  from 
le  curve.       At    low  temperatures  it  is   to   be   expected   that  the 


lydrogen  curve  wonld  show  a  sag  like  that  of  nitrogen,  and  at  very 
ow  temperatures  like  those  of  ethylene  and  carbon  dioxide. 

The  curves  for  carbon  dioxide  are  shown  in  Fig.  151,  and  resemble 
^nerally  those  of  ethylene.  Near  the  critical  point  the  variation  of 
he  product  f  is  very  rapid,  but  ns  the  temperature  becomes  more 
'levated  constancy  is  more  nearly  approached,  and  the  point  of  the 
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curve  where  i-e  is  least  gradually  recedes  from  the  origin.     Thus,  for 
ethylene  at  16'-3  C,  the  minimum  value  of  pr  corresponds  to  a  pressure 


of  55  atmoBpheres,  while  at  50°  C.  the  corresponding  pressure  is  88 
atms.,  and  at  100°  it  is  120  atras.  In  the  case  of  carbon  dioxide  the 
minimum  values  of  pj-  at  the  temperatures  recorded  in  Fig.  151  were 
found  by  M.  Amagat'  to  oocur  at  the  following  pressures  : — - 

'  Amagnt,  COiiiiilcs  Jlendna,  torn,  cxiii.  p.  ISO,  1891. 
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It^ipeaiB  from  Fig.  151  thattheso  minimum  points  advance  to  the 
ht  w  tin  temperature  rises,  but  that  this  displacement  ceases  at  high 


Qperatures,  and  a  retrograde  motion  sets  in,  bo  that  the  (dotted) 
7ve  passing  through  these  points  possesses  a  parabolic  fonn.  This  is 
)wn  more  clearly  in  Fig,  152,  ivhich  exhibits  the  left-hand  portion 
Fig.  151  enlarged.  The  parabolic  form  of  the  dotted  curve, 
ising  through  the  minimum  points,  is  here  strongly  brought  out,  as 
II  as  a  second  parabolic  dotted  cu^^'e,  which  appertains  to  t«mpera- 
'es  below  the  critical  point,  and  passes  through  those  points  at 
lich  condensation  begins  as  well  as  those  at  which  it  is  completed 
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(cf.  Fig.  140).  The  two  dotted  isothermals  correspond  to  the 
temperatures  32"  and  35°  C. 

The  parabola  of  minimum  values  of  pv  can  be  found  from  van  der 
Waals'  equation  (Art.  251)  by  writing  7?  =  :r,  ^p  =  y,  and  obtaining  the 
locus  of  minimum  values  of  //. 

For  very  high  pressures  the  curves  become  for  all  substances  a 
system  of  sensibly  straight  and  parallel  lines,  and  the  ecjuation  of  any 
one  of  these  lines  will  ob\'iously  be 

or 

The  quantity  a  depends  on  the  nature  of  the  substance,  whOe  ^ 
depends  on  the  temperature.  When  r=a  th^  pressure  is  infinite,  and 
a  is  therefore  the  least  volume  into  which  the  substance  can  be  com- 
pressed. With  this  meaning  then  the  above  equation  would  be 
interpreted  by  saying  that  at  high  pressures  the  law  of  Boyle  is  obeyed 
by  all  substances  at  temperatures  above  the  critical  point,  if  we  take 
as  the  volume  of  the  gas  the  whole  space  in  which  it  is  enclosed, 
diminished  by  the  least  volume  of  the  sul>stance — that  is,  if  the  voliune 
of  the  gas  be  considered  as  the  space  v  -  a  I'ather  than  the  whole  space 
V  in  which  it  is  enclosed. 

For  the  mtio  a  /•  under  a  pressure  of  760  mm.  M.  Amagat  finds — 

Hy<lrog(Mi.       Carbonic  acuK        Ethylene. 
"  =  000078  0-00170  0  00231. 

rUculties  In  {ill  such  experimentiil  investigations  the  gas  is  compressed  in  a 

-.ssiire<  ^^^®  ^^^^  mercurv,  and  in  testing  the  tinith  of  Boyle's  law  a  correction 
for  the  pressure  of  the  mercury  vapour  must  be  applied.  This  cor- 
rection has  an  insignificant  effect  at  high  pressures,  but  at  low  pressures 
it  leads  to  great  trouble  and  doubt.  For  this  reason  a  new  series  of 
experiments  was  undcrtfiken  b}"  Amagat  ^  on  the  compressibility  of 
air,  hydrogen,  and  carbon  dioxide  in  a  rarefied  condition.  Tlie  same 
(juestion  had  been  previously  treated  by  Mondeleefi",-  Kirpitschoff,  and 
Hemilian,  by  Siljerstroni  '^  and  Amagat.^  The  results  of  these  in- 
vestigations diftei"  considerably,  and  are  attended  by  certain  imavoid- 
able  sources  of  error  which  become  more  and  more  accentuated  as  the 

•  AiMJi^'at.  Ann.  <k  Chiml*-  >'t  <A  I'hiisiqnc,  .'»%  toni.  xxii.  p.  :i97,  1881  ;  and  toiu. 
xxviii.,  1883. 

-  MinHleleertaixl  Kirpitsi^liol!',  Ana.  ilr  ('himif  >t  ik  I'tnisiqnr^  5',  toni.  ii.  1».  •!-«' 
\^1A  ;  and  toni.  ix.  1870. 

"  r.  A.  Siljerstinni,  Pofj.  Ann.  vol.  cli.  p.  4r)l,  1S74. 

■*  Amaj^at,  ,////'.  '/••  f'hiini'  rf  ,},  /'/t//,s/y;/r,  '»•■.  tnni.  viii.  1876. 
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pressure  is  diminished.  At  low  pressures  the  deviation  from  Boyle's 
%w  is  exceedingly  small,  and  at  very  feeble  pressures  it  becomes  so 
hrouded  by  the  errors  of  experiment  that  it  is  impossible  to  be 
ertain  either  of  its  magnitude  or  the  direction  in  which  it  takes  place, 
rhe  method  of  experiment  adopted  by  Amagat  consisted  in  allowing 
he  gas,  enclosed  in  a  glass  cylinder  of  volume  v  and  at  pressure  p,  to 
xpand  into  another  glass  cylinder  of  sensibly  equal  volume  v'.  Both 
he  cylinders  were  immersed  in  an  oil  bath  kept  at  a  constant  temper- 
.ture.  After  expansion  the  new  volume  of  the  gas  was  v  +  v\  and  its 
treasure  p'  was  measured.  The  quantities  rp  and  (r  +  /)p'  could  thus 
fe  compared,  and  the  deviations  from  Boyle's  law,  if  any,  were  deter- 
nined.  In  the  case  of  air  no  sensible  deviation  was  found  at  low 
pressures,  but  carbon  dioxide  yielded  a  product  pr  which  diminished 
ontinuously  as  the  pressiu*e  increased.  This  method  of  experiment, 
hough  apparently  very  simple,  presents  considerable  experimental 
lifficulties,  and  condensation  of  the  gas  on  the  walls  of  the  enclosing 
'^essel  seems  to  be  unavoidable. 

Numerous  experiments  on  the  compressibility  of  nitrogen,  sulphur 
Lioxide,  carbon  dioxide,  ethylene,  and  ammonia  have  been  conducted 
)y  F.  Roth,^  the  temperatures  being  carried  to  180°  C.  by  aniline 
^apour,  and  the  pressures  ranging  up  to  168  atmos.  The  apparatus 
employed  was  a  modification  of  that  adopted  by  Pouillet. 

[The  compressibility  of  air  at  low  temperatures  was  determined 
ndirectly  by  Witkowski,-  making  use  of  Amagat's  values  for  air  at 
IG"*  C,  and  of  his  own  experiments  on  the  coefficient  of  dilatation  of 
lir  (Art.  125).  If  v  is  the  volume  of  a  mass  of  air  at  pressure  p  and 
/emperature  0,  I't  its  volume  at  the  same  pressure  and  at  temperature 
,  Cq  its  volume  at  standard  pressure  and  temperature  /,  and  v^  its 
volume  at  standard  pressure  and  temperature,  then  we  may  put 

wrhere  >/  is  an  unknown  function  of  p  and  0,  but  c  is  known  for  all 
3ressures  from  Amagat's  experiments.  If  a  volume  v^  be  heated 
mder  constant  atmospheric  pressure  to  f,  its  new  volume  will  be 
•^'=  r^(l  +  a/),  tt  being  the  mean  coefficient  of  dilatation  at  atmospheric 
)re88ure  which  is  practically  independent  of  the  temperature.  If  the 
)ressure  be  now  raised  to  p,  the  volume  becomes 

it  —         —  > 

p  P 


^  Roth,  JVied,  Ann.,  vol.  Lx.,  1880. 
'^  PhiL  Mag.,  April  1896. 
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and  if  its  temperature  be  now  raised  to  $°  at  constant  pressure  p,  iti 
volume  will  be 


therefore 


.*.  »;  =  f(l  +a/) 


In  Fig.  153,  the  ordinates  are  the  values  of  pv,  which  is  proportional 
to  >/,  for  given  temperatures  and  varying  pressure.] 


10       20      30       40       SO       eo       70       80       GO      100     110     120>lfm. 

Fig.  l.-iS.— Air. 

249.  Compressibility   of   Gases   under    High   Pressures.— The 

compressibility  of  |*,'ases  under  very  high  pressures  has  also  been  in- 
vestigated by  M.  Aniagat.^  The  method  employed  was  that  used  for 
studying  the  compressibility  of  liquids-  within  the  same  limits  of 
pressure,  but  the  ditticulty  was  far  greater,  arising  chiefly  from  the 
smalbn'ss  of  the  vohime   which  a   gas    occupies  when    it   is   highly 

'  Ania^at,  Comptts  Kendns,  toin.  cvii.  p.  523,  1888. 
•-'  Ibid.,  toin.  cxv.  p.  638.  etr.  1892-93. 
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^rapressed.  After  numerous  trials  perfectly  regular  and  concordant 
3sult8  were  obtained  by  using  for  gauging  the  tubes  the  method  of 
wading  by  electrical  contacts,  which  then  served  to  estimate  in  the 
ime  tubes  the  volumes  successively  occupied  by  the  compressed  gas. 

For  the  same  reduction  of  volume  Amagat  found'  far  higher 
ressures  than  those  obtained  by  Natterer.  This  diflference  can  be 
asily  accounted  for  by  the  inevitable  errors  inherent  in  the  method 
ursued  by  the  latter.  The  following  results  refer  to  high  pressures, 
'or  pressures  below  1 000  atmos.  it  was  proposed  to  employ  an  apparatus 
rhich  would  enable  the  temperature  to  be  raised  far  higher  than  it 
reviously  had  been  with  these  very  high  pressures,  where  it  was 
nly  possible  to  work  between  0"  and  SO''.  The  table  gives,  for  the 
ressures  specified  in  the  first  column,  the  volumes  occupied  at  15° 
y  a  mass  of  the  gas  which  occupied  unit  volume  at  15°  and  760  mm. 


Atmos. 

Air. 

Nitrogen. 

Oxyjfen. 

Hydrogen. 

750 

0-002200 

0-002-262 

•  •  • 

•  •  • 

1000 

0001974 

0-002032 

0001735 

0  001688 

1500 

0-001709 

0-001763 

0-001492 

0-001344 

2000 

0-001566 

0001613 

0001373 

i     0001161 

2500 

0-001469 

0-001515 

0-001294 

;     0-001047 

.3000 

0-001401 

0-001446 

0-001235 

0-000964 

It  is  interesting  to  compare  the  compressibility  of  strongly  com- 
ressed  gases  with  that  of  liquids.  In  order  to  facilitate  this  com- 
arison  the  following  table  from  750  atmos.  to  3000  atmos.  contains 
beir  coefficients  of  compressibility  as  usually  defined,  viz.  -  dtjvdp  : — 


Limits  of  Pressurt*. 

Air. 

Nitrogen. 

Oxygen. 

Hydrogen. 

Between  750  and  1000  atmoa. 

0-000411 

0-000407 

•  •  • 

•  •  • 

,,       1000   „    1500 

>> 

0  000-268 

i   0  000265 

0  000-258 

0-000408 

„       l.'iOO    ,,    -2000 

1 » 

0  000167 

0-000170 

0000160 

0-000272 

„       2000    „    2500 

j» 

0  0001 23 

0-000122 

0-000115 

0-000197 

.,       2500    „    3000 

»j 

0  000093 

0  000091 

0  000091 

0  000 158  ' 

It  is  thus  seen  that  at  high  pressures  the  three  first  gases  have 
pretty  much  the  same  compressibility,  and  that  it  is  of  the  same  order 
\»  that  of  liquids.  In  fact,  at  3000  atmos.  it  is  virtually  equal  to 
hat  of  alcohol  at  normal  pressure.  Hydrogen,  however,  has  a  much 
arger  (almost  double)  compressibility  at  3000,  and  it  is  almost  equal 
o  that  of  ether  about  the  normal  pressure.  These  compressibilities, 
ike  those  of  liquids,  increase  with  the  temperature,  as  is  shown  in  the 
allowing  table  for  hydrogen  : — 
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LimitN  of  I*re«Hure  in  Atmon. 

Between  1000  and  1500 
1500  ..  2000 


At  0\ 


>» 


t  i 


»» 


2000 
2500 


>t 


tj 


tt 


2500 
3000 


0  000263 
0  000196 
0  000156 


At  lo''4. 

0-000408 
0-000272 
0-000197 
0*000158 


At  4r-8. 

0  000416 
0-000280 
0  000208 
0  000158 


»> 


t» 


»♦ 


The  apparent  densities  are  eiisily  deduced  from  the  apparent  Tolamei 
given  in  the  foregoing  table^  and  if  we  assume  the  ordinarj  value  of 
the  compressibility  of  glass,  the  following  results  are  obtained  for  the 
real  densities  at  3000  atmospheres : — 

DensitieM  at  3000  Atmos.  coiuparecl  with  Water. 

Oxygen.     .     .     .  10972  (api»arent)  1*1054  (real) 

Air 0-8752         ,,  0*8817 

Nitrogen     .     .     .  0-8-231  ,,  0*8293 

Hydrogen  .     .     .  0  0880         ,,  0*0887 

The  curves  obtained  by  measuring  ji  along  the  axis  of  abecisM* 
and  pr  along  the  ordinates  are  nearly  straight  lines,  but  all  present  i 
slight  concavity  towards  the  axis  of  abscissae. 

250.  The  Properties  of  Vapours. — At  a  time  when  it  was  supposed 
that  the  so-called  permanent  gases  rigorousl}'-,  or  with  an  extreme 
degree  of  proximity,  obeyed  Boyle's  law,  it  had  been  found  that 
•vapours  near  their  condensing  points  deviated  considerably  from  the 
law.  The  experiments  of  Cagniard  dc  la  Tour  (1822),  Cahours^ 
(1845),  and  Bincau-  (1846),  proved  that  as  the  pressure  of  an  un- 
saturated vapour  was  increased  the  product  pv  diminished  up  to  the 
condensing  point,  or  that  the  coefficient  of  expansion  of  a  vapour 
decreases  from  the  condensing  point,  ultimately  falling  to  that  of  a 
perfect  gas  as  the  temperature  of  the  unsaturated  vapour  is  raised. 
In  the  experiments  of  M.  Cahours  the  coefficient  of  expansion  appeared 
at  first  to  increase  to  a  maximum,  and  then  to  decrease  gradually  to 
that  of  a  perfect  gas  as  the  vajwur  was  gradually  heated  from  the 
point  of  saturation.  This  peculiarity  was  explained  on  the  supposition 
that  at  the  saturation  point  condensation  occurred  on  the  walls  of  the 
enclosing  vessel,  and  that  as  the  vapour  was  heated  this  condensed 
layer  evaix)rate(l  and  led  to  an  abnormally  high  coefficient  of  ex- 
pansion. According  to  Kegnault's  •*  experiments  it  appears  that  un- 
saturated water  vapour  may  l)e  regarded  as  practically  ol>eying  Boyle? 
law  until  the  pressure  reaches  f  of  the  maximum  vapour  pressure. 

The   si)ecific   volume  of  a  vapour,  or   its  vapour  density  at  the 

^  Au<;.  Cahours,  Coniphs  llrmius,  toni.  xx.  j).  51,  1845  :  and  torn.  xxi.  p.  6*25. 
•^  Bineau,  -//<«.  ih  Chi)nie  ct  de  Ph{fs)*ptt\  3'",  t«»ni.  xviii.  p.  226,  1846. 
^  Regiiault,  Mttn.  ilf  VAoid.,  toin.  xxvi.  p.  200. 
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point  of  saturation,  is  of  great  importance,  as  this  quantity  enters  into 
many  thermodynamic  equations.  The  first  experiments  which  estab- 
lished the  influence  of  temperature  and  pressure  on  the  densities  of 
vapours  were  those  of  Fairbaim  and  Tate  in  1860.  These  experi- 
ments (as  well  as  those  of  Him  ^  and  Wiillner  -)  proved  that  the  density 
of  a  saturated  vapour  is  always  greater  than  the  value  deduced  on  the 
supposition  that  Boyle's  law  is  obeyed  up  to  the  point  of  saturation. 
Their  method  also  admitted  of  the  investigation  of  the  behavioiu*  of 
non-saturated  vapours,  for  by  superheating  the  enclosed  vapour  the 
difference  of  level  of  the  mercury  surfaces  and  the  volume  of  the 
enclosed  vapour  could  be  observed,  and  in  this  method  the  errors 
arising  in  the  estimation  of  the  volume  are  not  greater  than  those 
which  ordinarily  accompany  the  determination  of  the  temperature,  and 
the  method  is  consequently  favourable  to  the  correct  calculation  of  the 
specific  volume  of  the  saturated  vapour. 

An  elaborate  series  of  investigations  on  the  compressibility  of 
vapours  and  variations  of  the  product  pv  near  the  condensing 
point  was  executed  by  Herwig^  in  1868,  but  the  method  was  not 
good  for  the  determination  of  the  specific  volume  of  the  saturated 
vapour.  The  vapour  under  examination  was  enclosed  in  one  arm  of  a 
graduated  glass  tube  in  which  the  volume  could  be  read  off.  The  other 
arm  of  the  tube  communicated  with  a  manometer  which  registered  the 
pressure,  and  also  with  an  air-pump  by  means  of  which  the  pressure  could 
be  varied  at  pleasure.  The  vapour  tube  was  immersed  in  a  bath  so 
that  the  temperature  could  be  varied  at  pleasure,  and  the  behaviour  of 
the  saturated  vapour  studied  at  various  temperatures  and  pressures. 
The  saturation  point  was  determined  by  observing  when  the  pressure 
commenced  to  diminish  as  the  volume  was  gradually  increased,  and  the 
sensitiveness  of  the  method  depends  on  whether  an  appreciable  change 
of  pressure  is  caused  by  a  small  change  of  volume  at  this  point.  This, 
however,  is  not  the  case,  for  the  value  of  v  corresponding  to  the  exact 
point  of  satiu-ation  is  very  ill-defined,  the  rectilinear  part  of  the  iso- 
thermal merging  gradually  into  the  hyperbolic,  and  large  changes  of 
volume  giving  rise  to  small  changes  of  pressure. 

This  series  of  experiments  led  Herwig  to  the  conclusion  that  the 
product  ^r  for  a  vapour  gradually  diminishes  as  the  pressure  is  increased 
up  to  the  condensing  point,  and  that  if  p^  t',,  denote  the  pressure  and 
volume  of  the  substance  at  the  condensing  point,  while  p  and  v 
denote  its  pressure  and  volume  at  the  same  temperature  when  very 

^  Hini,  ThSorie  AUcaniquc  de  la  Chahur. 

2  Wiillner,  LeJirh.  d,  Exp.  Phys.y  vol.  iii.  p.  664. 

'  Her\\ng,  Pogy,  Ann.^  vol.  cxxxvii.,  1869  ;  vol.  cxli.,  1870. 

2  K 


498  THEORY  OF  HEAT.  chap.t 

far  removed  from  this  point — that  is,  in  the  state  of  a  perfect  ga»— 
then  tiie  experiments  might  be  represented  by  the  formula — 

-^  =  CV©  =  0-0595  VO, 

the  constant  C  being  the  same  for  all  the  substances  examined.  From 
this  it  follows  that 

pv 

where  k  is  another  constant,  which  will  be  different  for  different  sub- 
stances. 

This  formula,  if  true,  informs  us  that  the  product  pv  for  a  saturated 
vapour  varies  as  the  square  root  of  the  absolute  temperature,  and 
therefore  enables  us  to  calculate  the  specific  volume  of  the  saturated 
vapour  at  all  temperatures  from  a  table  of  vapour  tensions.  It  also 
leads  to  the  conclusion  that  at  the  temperature 

e  =  l/C^  =  282' -58  abs.  =r-58  centigrade 

the  product  p^r,  is  the  same  as  the  constant  value  of  pv  under  Boyle's 
law.  This  consequence  of  the  formula  lias  not  been  justified  by 
experiment,  and  as  Herwig  did  not  extend  his  experiments  through  a 
sufficiently  wide  range  of  temperature,  his  formula  cannot  be  regarded 
as  possessing  more  than  a  very  limited  range  of  application. 

Subsequently  many  of  the  results  obtained  by  Herwig  were  veri- 
fied by  AA'iillner  and  (Irotnan,^  but  they  found  from  a  study  of  the 
same  vapours  that  the  (quantity  C  in  Herwig's  formula  could  not  be 
regarded  as  const^ant/^  The  method  of  experiment  was  a  combination 
of  that  of  Herwig  with  that  of  Fairbairn  and  Tate.  The  space  in 
which  the  vapour  was  produced  and  studied  consisted  of  three  flasks 
of  w^hich  the  necks  were  downwards,  and  were  graduated  into  parts  of 
equal  volume  and  communicated  with  a  receiver  full  of  mercury  under 
a  constant  pressure.  A  fourth  flask,  i)laced  in  the  same  conditions, 
contained  vapour  always  saturated  in  presence  of  an  excess  of  liquid, 
which  played  the  part  of  the  outside  vessel  in  the  experiment  of 
Fairl>airn  and  Tate.  The  four  flasks  were  placed  in  the  same  bath, 
and  the  volumes  of  the  first  three  were  in  the  ratio  1:2:4,  and  tlie 
weights  of  liquid  placed  in  them  were  in  the  same  ratio,  so  that  they 
were  all  just  saturated  at  the  siime  instant.     The  temperature  w:is 

»    fric'f.  AiiJL,  vol.  xi.  p.  r.4.^.,  1S80. 

■-'  M.  IVrot  [Ann.  dc  Chimkit  ih-  J'/ijfsiquc,  6^,  torn.  xiii.  p.  145,  1888}  finds  that 
in  the  case  of  watir  the  C  in  Herwig's  formula  remains  8ensil)ly  constant  au«i  equal 
to  0*0526  within  the  limits  of  the  experiments  (08  -2  C.  to  110''-5  C. ).  In  theca.se 
of  ether,  however,  it  increased  from  0*0428  at  30-  C.  to  0*0609  at  IIC'-S  C. 
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raised  till  the  three  were  filled  with  a  dry  vapour,  and  the  pressure 
was  then  increased  very  slowly  till  mist  appeared  in  them  or  on  their 
walls.  This  was  taken  as  the  point  of  saturation.  The  ohservations 
made  on  the  three  flasks  always  agreed,  hut  the  pressure  at  which  the 
mist  appeared  in  them  was  always  a  little  less  than  the  maximum 
pressure  of  the  saturated  vapour  in  the  fourth  vessel. 

This  indicates,  as  M.  Perot  ^  remarks,  that  the  curvature  of  the 
isothermal  is  continuous  at  the  point  where  the  substance  passes  from 
the  state  of  a  vapour  to  that  of  a 
mixture  of  vapour  and  liquid ;  that 
it  does  not  change  suddenly  from  a 
hyperbola  to  a  right  line,  but  that 
condensation  sets  in  at  a  pressure 
somewhat  inferior  to  the  maximum 
vapour  pressure.  This  is  shown  in 
Fig.  154,  where  the  isothermal  is 
drawn  with  a  rounded  instead  of  a 
sharp  corner  at  AB.  Here  conden- 
sation starts  at  A  and  the  pressure  _. 

^  Fig.  154. 

gradually    increases    to    its    normal 

maximum  value  at  B.  It  follows,  therefore,  that  in  the  experiments 
of  Wiillner  and  Grotrian  the  specific  volume  was  measured  at  A,  while 
in  Herwig's  and  in  those  of  Fairbairn  and  Tate  it  was  estimated  at  the 
point  B. 

The  same  conclusions  have  been  drawn  by  Battelli-  from  the 
results  of  some  recent  experiments.  The  vapour  pressure  was  always 
found  to  augment  somewhat  during  the  initial  stages  of  condensation, 
so  that  the  corner  of  the  isothermal  was  slightly  rounded  oflf  as  in  the 
figures  obtained  by  Andrews  for  carbon  dioxide  containing  a  trace  of 
air.  This  augmentation  of  vapour  pressiu*e  was  noticed  by  Kegnault 
in  the  case  of  vapours  formed  in  air  or  other  gases,  and  was  attributed 
by  him  to  the  adhesion  of  the  vapour  to  the  walls  of  the  vessel,  or  the 
retardation  of  e\'aporation  caused  by  the  presence  of  the  gas.  Herwig 
observed  the  same  eflfect  when  the  vapour  was  unmixed  with  air  or 
any  other  gas,  and  he  attributed  it  to  adhesion  to  the  walls  of  the 
vessel.  Wiillner  and  Grotrian  proved  the  existence  of  this  augmenta- 
tion of  pressure,  as  the  volume  decreased,  in  a  decisive  manner  and 
under  such  conditions  that  it  could  scarcely  be  attributed  to  the  walls 
of  the  vessel.  In  the  experiments  of  Battelli  the  augmentation  of 
pressure    increased  as   the  volume   was    diminished,   even  when    the 

^  M.  Perot,  Ann.  dc  Ckimie  d  dc  Phifsiquf^  6^,  torn.  xiii.  p.  14a,  1888. 
-  Battelli,  Ann,  dc  Chimie  d  dc  Physique,  6^,  torn.  xxv.  p.  38,  1892. 
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walls  of  the  vessel  were  covered  with  a  deposit  of  dew.  This 
augmentation  continues  only  up  to  a  certain  point  where  it  ceases, 
and  then  the  pressure  remains  constant  while  condensation  progresses. 
In  the  opinion  of  Battelli  it  cannot  be  attributed  to  the  preseooe 
of  dissolved  air,  as  precautions  were  taken  to  secure  the  poritr 
of  the  liquid,  and  if  it  were  due  to  the  presence  of  air  or  a  pu 
it  should  increase  regularly  as  the  volume  is  diminished.  It  con- 
sequently appears  established  that  condensation  commences  some- 
what before  the  maximum  pressure  is  reached,  and  in  Battelli's 
experiments  it  was  found  that  the  ratio  of  the  pressure  at  the  com- 
mencement of  condensation  to  its  maximum  value  was  the  same  st 
all  temperatures,  but  the  ratio  of  the  augmentation  of  pressure  to 
the  diminution  of  volume  increased  rapidly  with  the  temperature. 
The  coefficients  of  expansion  under  constant  pressure  increased  more 
rapidly  with  diminution  of  temperature  as  the  vapour  approached 
saturation,  and  the  rapidity  of  this  increase  was  more  sensible  the 
higher  the  temperature. 

The  coefficient  of  increase  of  pressure  at  constant  volume  diminished 
progressively  with  the  elevation  of  temperature,  and  these  variations 
were  more  rapid  the  smaller  the  volume.  With  increase  of  volume 
the  absolute  values  of  these  coefficients  diminished. 

Battelli  also  found  that  the  quantity  C  in  Herwig's  formula  could 
not  be  regarded  as  a  constant ;  but  that  it  is  a  function  of  the  tempera- 
ture, so  that  he  proposes  to  replace  the  formula  by  the  more  general 
equation 

where  A,  a,  h,  a,  are  constants.  This  formula  embraces  the  result 
obtained  by  Battelli  that  the  product  yy*  increases  as  the  temperature 
rises  \i\)  to  a  certain  value  and  then  decreases. 

The  experimental  investigation  of  tiie  thermal  properties  of  vapours 
has  not  yet,  however,  been  sutlicieritly  far  advanced  to  establish  the 
truth  of  any  theoretic  formula  yet  deduced.  Grave  discrepancies  exist 
between  the  results  of  experiment  and  those  deduced  by  theory,  especi- 
ally when  the  range  of  the  experiments  is  large,  and  in  most  cases  it 
is  difficult  to  attribute  the  discrei>ancies  to  error  of  observation  or  fault 
of  theory,  for  the  results  of  different  experimenters  may  differ  con- 
sideral)ly  on  account  of  the  probable  use  of  substances  in  different 
states  of  j)urity,  and  traces  of  impurities  often  modify  the  physical 
properties  of  a  substance  in  a  high  degree. 

251.  Influence  of  Intermoleeular  Actions  and  the  Magnitude 
of  Molecules  on  the  Characteristic  Equation  of  the  Fluid  State. —It 
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appears  conclusively  established  by  the  foregoing  investigations  that 
no  substance  in  nature  accurately  obeys  Boyle's  law,  but  that,  as  a 
general  rule,  the  deviations  from  this  law  take  place  in  such  a  manner 
that  at  first  the  augmentation  of  pressure  with  diminution  of  volume 
is  not  sufficiently  great,  and  after  a  certain  pressure  is  reached 
(which  varies  with  the  temperature)  the  opposite  effect  sets  in,  and 
there  is  a  universal  preponderance  of  increase  of  pressure.  We  shall 
now  consider  how  these  two  opposite  eflfects  may  be  accounted  for  by 
the  dynamical  theory  when  the  size  and  mutual  influence  of  the 
molecules  are  taken  into  account.  In  order  that  the  simple  equa- 
tion pv  =  RQ  may  be  obeyed  it  is  necessary  (1)  that  the  space  Conditio] 
actually  filled  by  the  molecules  of  the  gas  may  be  vanishingly 
small  compared  with  the  whole  volume  of  the  enclosure  in  which  it 
is  contained ;  (2)  the  time  spent  in  a  collision  must  be  negligible 
compared  with  the  average  interval  between  two  successive  impacts ; 
and  (3)  the  influence  of  the  molecular  forces  must  be  vanishingly 
small  at  the  mean  distance  of  the  molecules.  These  conditions  merely 
express  the  supposition  that  all  intermolecular  influence  may  be 
neglected. 

If  these  conditions  are  not  fulfilled,  de\dations  in  various  directions 
from  the  simple  gaseous  laws  take  place,  which  become  more  and  more 
considerable  as  the  molecular  state  of  the  gas  corresponds  less  and  less 
to  these  conditions.  As  the  space  occupied  by  a  given  mass  of  gas  is 
diminished,  the  length  of  the  mean  free  path  becomes  shorter,  and  the 
number  of  molecules  in  encounter  at  any  instant  bears  a  larger  pro- 
portion to  the  number  describing  free  paths.  The  exact  nature  of  the 
effect  of  an  encounter  is  unknown,  but  it  is  to  be  expected  that  when 
the  number  of  encounters  largely  increases,  the  properties  of  the  sub- 
stance will  be  determined  more  by  the  nature  of  the  mutual  action 
between  two  molecules  when  in  collision  {ue,  within  the  sphere  of  each 
other's  action)  than  by  the  motion  of  the  molecules  when  describing 
their  free  i>aths,  and  for  this  reason  deviations  from  the  simple  laws 
of  gases  may  be  anticipated.  As  the  condensation  increases  the 
behaviour  of  the  substance  will  become  more  complicated,  and  its 
state  of  aggregation  may  change,  the  mass  passing  partly  or  altogether 
into  the  liquid  state,  but  the  theoretical  investigation  of  its  general 
characteristics  cannot  be  proceeded  with  until  we  know  the  natiure  of 
the  action  between  molecules  when  they  are  so  closely  packed  that 
each  is  constantly  subject  to  the  influence  of  the  others.  The  experi- 
mental data  for  the  study  of  this  action  are  to  be  obtained  from  the 
study  of  the  relations  between  density,  pressure,  and  volume,  such  as 
that  furnished  by  the    work   of   Regnault,    Andrews,   Amagat,   and 
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Cailletet,  and  besides  this  in  another  direction  by  the  study  of  the 
rate  of  diffusion  and  the  viscosity  of  fluids. 

Attempts  have  been  made  by  several  physicists^  to  deduce  i 
general  equation  connecting  the  pressure,  volume,  and  temperatnw 
which  will  express  the  characteristic  properties  of  any  substance 
throughout  the  fluid  state  from  the  condition  of  a  perfect  gas  to  that 
of  a  liquid.  In  forming  an  equation  which  shall  replace  j/r=R6,  the 
first  consideration  that  presents  itself  is  the  manner  in  which  the 
molecular  attraction  affects  the  pressure  and  volume  of  the  mass.  It 
is  clear  that  the  result  of  this  attraction  will  be  to  increase  the 
pressure  inside  the  mass  or  produce  what  is  termed  a  capillaiT 
pressure  CT  due  to  the  surface  layer,  so  that  if  the  pressure  on  the 
walls  of  the  enclosure  is  7>,  the  pressure  in  the  interior  of  the  mass 
will  be  ;>  +  oT  where  CT  is  some  function  to  be  determined.*  In  the 
second  place,  when  the  size  of  the  molecules  is  taken  into  account  the 

*  Rankine  {Phil.  Trans. j  1854,  p.  336)  constructed  the  equation — 

in  whicli  R  and  C  are  constants.  This  ei^uation  closely  resembles  that  derived  by 
Joule  and  Thomson  {Phil.  Traits.,  1862,  p.  579)  from  their  experiments  on  the  change 
of  temperature  of  a  gas  by  expansion.  Subsequently  Recknagel  {Pogg.  Ann.  £rgbd., 
vol.  V.  p.  563,  and  vol.  cxlv.  p.  469,  1871-72)  formed  the  equation — 

j,v-.m{i --^f). 

which  is  the  same  in  form  as  that  of  Rankine,  the  general  function  of  9  being  placed 
in  the  tiual  term  instead  of  1/B-. 

-  The  mutual  attraction  of  the  moleculos  diminishes  the  pressure  on  the  walls  of 
the  enclosure,  for  each  molecule  in  passing  through  the  surface  layer  is  acted  on  by 
an  attiactive  force  directed  towards  the  interior  of  the  mass  by  which  its  impact  on 
the  wall  of  tlie  vessel  is  diminished.    This  capillary  pressure  seems  to  exist  in  steam  in 
the  form  of  clouds,  and  in  tobacco  smoke,  as  api>ears  from  the  researches  of  Bossclu. 
In  wet  capillary  tubes  clouds  show  a  meniscus  like  mercury,  and  are  depressed  in 
the  same  way.     It  probably  rises  into  imi»ortance  in  the  case  of  highly-compressed 
gases  and  vaiK)urs  near  the  condensing  ])oint.     The  smaller  the  volume  the  larger 
this  internal  pressure  becomes,  so  that  it  may  ultimately  equal  or  even  exceed  the 
j>ressure  which  the  substance  would  exert  on   the  walls  of  the  vessel  by  the  un- 
obstructed motion  of  its  molecules  if  molecular  attraction  did  not  exist ;  when  tlifc* 
limit  is  reached  no  external  pressure  will  be  necessarj'  to  keep  the  substance  within 
the  enclosure  ;  or,  in  other  words,  the  gas  has  li<iuefied.     "Whether  this  occurs  ornot 
dej)ends  evidently  on  the  magnitude  of  trr  compared  with  the  kinetic  energy  of  thf 
molecules,  and  if  the  latter  is  large — that  is.  if  the  temperature  is  high — no  pcwsible 
diminution  of  volume  will  render  cr  siitliciently  great,  and  the  gas  cannot  be  liquefied. 
In  other  words,  the  criti(?al  temperature  lias  been  passed.     A  liquid  might,  therefore, 
be  defined  as  a  fluid  substance  in  which  the  average  kinetic  energy  of  the  molecule^ 
is  unable  to  counterbalance  the  internal  or  capillary  pressure  caused  by  their  mutual 
attraction. 
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rolume  v  becomes  reduced  by  some  quantity  </s  and  the  fii-st  step  is  to 
"eplace  the  equation  pt^  =  R6  by  the  more  general  equation — 

n  this  form  the  equation  agrees  with  that  constructed  by  Hirn  ^  in 
vhich  <^  is  the  sum  of  the  volumes  of  the  molecules  and  rn  the  sum  of 
he  internal  actions,  or  the  internal  pressure.  In  his  further  treat- 
nent  of  this  equation,  however,  in  which  he  seeks  to  determine  the 
|uantities  VJ  and  <^,  he  makes  inferences  which  seem  difficult  to  justify, 
ind  the  results  of  which  do  not  seem  to  agree  with  experiment. 

The  most  celebrated  equation  of  this  kind  was  developed  by  J.  I), 
'an  der  Waals  in  1879,  and  in  it  the  eflfects  of  the  size  and  the 
nutual  attraction  of  the  molecules  are  taken  into  account.  This 
equation  may  be  derived  from  the  foregoing,  from  the  consideration 
hat  the  attraction  between  any  two  elements  of  the  mass  is  pro- 
K)rtional  to  their  product,  and  hence  in  a  homogeneous  fluid  to  the 
»quare  of  the  density.  At  any  given  temperature,  therefore,  the 
apillary  pressure  TS  will  vary  as  the  square  of  the  density  or  inversely 
18  the  square  of  the  volume.  The  quantity  <^  on  the  other  hand,  is 
he  value  of  the  volume  at  any  given  temperature  when  the  pressure 
s  infinite,  or  the  least  volume  into  which  it  is  possible  to  compress 
he  fluid.  This  in  the  case  of  a  system  of  particles  in  motion,  has 
)een  taken  as  four  times  the  sum  of  the  volumes  of  the  particles.- 
Denoting  this  by  b  and  the  quantity  CT  by  a/v\  where  a  is  for  the 
)resent  considered  as  a  constant,  we  obtain  the  equation  of  Van  der 

This  equation  gives  isothermal  curves  agreeing  closely  with  the  earlier 
experiments  of  Andrews  on  carbon  dioxide,  and  exhibiting  also  the 
haracteristic  differences  of  form  above  and  below  the  critical  tempera- 
ture. On  comparison,  however,  with  later  experiments  the  equation 
las  been  found  not  to  represent  the  facts  sufficiently,  and  cannot  be 
)rought  into  accordance  with  them  by  altering  the  constants.  Tait 
las  pointed  out  that  Van  der  Waals's  equation  does  not  hold  for  any 
■eal  liquid. 

This  arises  from  the  limited  considerations  on  which  the  term  a/v- 

^  Him,  TfUorie  Micaniquc  de  la  Chnleur^  3rd  edit.,  torn.  ii.  p.  211. 

^  The  quantity  h  is  called  the  co-volume,  and  is  generally  considered  as  pro- 
K>rtional  to  the  space  u  actually  occupied  by  the  molecules  in  a  unit  volume,  so  that 
=:]cu  where  k  is  the  same  for  all  gases.  Van  der  "Waals  finds  ^-=4  from  considera- 
ions  based  on  the  theory  of  probability,  while  0.  E.  Meyer  {Kinelisckc  Theorie  der 
?a«,  p.  298)  deduces  the  number  4  ^'2,  and  this  latter  numl>er  has  been  verified  ])y 
5.  Heilborn  {Fhil.  Mag.,  :)^^,  vol.  xxxiv.  p.  459,  1892). 
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is  introduced.  The  capillary  pressure  TS  will  obviously  b6  influeoced 
by  other  circumstances  besides  change  of  density.  Van  der  Wvk 
assumed  it  as  self-evident  that  the  mutual  attraction  of  the  molecuki 
does  not  depend  on  the  temperature,  so  that  the  quantity  CT  is  a 
function  of  the  volume  only,  and  the  molecular  attraction  lemains 
unaltered  when  the  substance  is  heated  at  constant  volume.  This 
might  be  true  if  the  motion  of  a  molecule  at  different  temperatures 
differed  only  in  the  quantity  of  its  mean  kinetic  energy  but  took  place 
in  all  other  respects  in  exactly  the  same  way,  the  paths  and  the  ratio 
of  its  velocities  at  different  stages  of  the  paths  being  exactly  the 
same.  In  the  case  of  a  perfect  gas  it  may  be  assumed  that  every  pair 
of  molecules  separate  immediately  after  collision,  but  when  a  g^  is 
near  its  condensing  point,  it  may  happen  that  two  molecules  may  not 
separate  after  collision,  but  that  the  molecules  may  collect  in  little 
groups  and  oscillate  about  each  other.  The  number  of  such  groups 
will  increase  as  the  temperature  falls ;  and  consequently,  if  this 
happens,  the  mean  strength  of  the  mutual  attraction,  or  the  pressure 
function  cr,  will  increase  as  the  temperature  falls. 

It  would  appear,  therefore,  that  the  quantity  a  in  the  formula  of 
Van  der  Waals  very  probably  varies  with  the  temperature.  In  its 
present  form  no  universal  or  rigorous  validity  can  be  ascribed  to  it,  and 
although  Van  der  Waals  obtains  it  as  the  ultimate  result  of  an  elaborate 
and  ingenious  mathematical  investigation,  yet  the  assumptions  intro- 
duced in  the  various  stages  of  the  work  render  the  final  equation  little 
more  than  a  first  approximation  to  the  truth.  The  essay  of  Van  der 
Wiuils  is,  nevertheless,  a  bold  and  promising  attack  on  an  exceedingly 
difficult  problem.  He  sUirts  ^  with  the  theorem  of  Clausius  that  in 
stationary  motion  the  mean  kinetic  energy  of  a  system  is  equal  to  the 
mean  virial,  or  (p.  98) 

the  final  term  representing  the  virial  of  the  intermolecular  forces. 
He  then  assumes  that  the  temperature  of  a  substance  is  measured  by 
the  mean  kinetic  energy  of  the  molecules,  but  although  this  may  be 
true  for  gases,  it  may  not  hold  for  liquids,  or  vapours  near  their  con- 
densing points,  or  for  highly  compressed  gases.  Assuming,  however, 
for  the  present,  that  the  mean  kinetic  energy  is  proportional  to  the 
temperature,  the  virial  equation  becomes 

which  shows  the  deviation  from  Boyle's  law  when  the  virial  exists. 

^  Die  Cuniinuitat  lUs  Casformi{i»:n  mid  Fliissigai  Zn^andes.  The  Memoir  of 
Vail  <ler  Waals  has  Ix'eu  translated  into  English  l»y  Richard  Threlfall  and  John  F. 
Adair,  Physical  Memoirfi,  Physical  Society  of  London^  vol.  i.  part  iii. 
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Experiment  has  proved  that  in  gases  the  product  pv  diminishes  at 
first,  and  altera  certain  stage  increases,  whereas  in  vapours ^n;  diminishes 
up  to  the  condensing  point,  and  in  the  case  of  liquids  p  increases 
rapidly,  while  v  remains  nearly  constant,  so  that  pv  increases  rapidly. 
The  diminution  of  pv  points  to  an  increasing  positive  virial,  and  hence 
to  an  attractive  force  <^r)  between  the  molecules.  The  increase  of  pv 
would,  on  the  other  hand,  point  to  a  negative  virial  and,  at  first  sight, 
a  n^ative  value  of  <^(r),  or  an  apparent  repulsion  between  the  molecules. 
Before  a  mutual  repulsion  between  the  molecules  is  assumed,  it  should 
be  inquired  if  this  apparent  repulsion  could  be  explained  by  the 
motion  and  mutual  impacts  of  the  molecules,  just  as  the  pressure  of 
a  gas  on  the  walls  of  the  enclosing  vessel  may  be  explained  by  the 
motion  of  the  molecules  without  assuming  the  substance  to  be  self- 
repellent.  This  apparent  molecular  repulsion  at  small  volumes  must 
be  accounted  for  by  the  mutual  impacts  of  the  molecules,  and  in  deal- 
ing with  a  system  of  moving  molecules  the  complete  characteristics  of 
the  substance  cannot  be  deduced  by  considering  the  impacts  on  the 
walls  of  the  enclosure  alone.  The  term  depending  on  the  mutual 
collisions  of  the  molecules  must  also  be  extracted  from  the  virial,^  but 
until  the  nature  of  a  collision  is  fully  understood  the  exact  iufiuence 
of  this  term  cannot  be  ascertained.  Van  der  Waals  assumes  the 
molecules  to  be  elastic  spheres  which  attract  each  other  when  not  in 
contact,  and  he  considers  the  effect  of  the  size  of  the  molecules  in 
diminishing  the  length  of  the  free  path  and  finds  this  effect,  in  the 
case  of  a  rarefied  gas,  to  be  the  same  as  if  the  volume  of  the  enclosure 
had  been  diminished  by  four  times  the  sum  of  the  volumes  of  the 
molecules.  At  a  constant  temperature  the  effect  of  the  molecular 
attraction  is  to  diminish  the  pressure  on  the  walls  of  the  enclosure 
by  a  quantity  varying  as  the  square  of  the  density  so  long  as  the 
encounters  take  place,  on  the  whole,  between  two  molecules  at  a  time 
and  not  between  three  or  more. 

The  failure  of  the  equation  of  Van  der  Waals  to  sufficiently  repre- 
sent the  facts  led  Clausius  ^  to  construct  an  equation,  which  appeared 
to  him  to  retain  all  that  was  correct  in  previous  formulae,  and  which 
also  made  allowance  for  the  variation  of  molecular  attraction  with 
temperature.  This  equation  gives  the  pressure  in  terms  of  the  tempera- 
ture and  volume  in  the  form 

Re  c 


P= 


v-a     e{r +  /?)«' 


^  In  considering  the  effect  of  molecular  attraction  on  the  form  of  the  virial,  it 
appears  that  the  difference  of  the  average  kinetic  energies  of  a  free  and  an  entangled 
molecule  is  of  special  importance  in  the  physical  interpretation  of  the  virial. 

«  Clausius,  }Fied,  Ann.,  vol.  ix.  p.  337,  1880 ;  Phil.  Mag.,  June  1880. 
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where  K,  f ,  a,  j9  are  constants.  This  equation,  like  that  of  Van  der 
Waals,  gives  a  cubic  for  v  for  any  given  values  of  the  tempentore 
and  pressure.  As  every  cubic  equation  has  either  one  or  three  ml 
roots,  both  these  equations  furnish  either  one  or  three  real  values  of  r 
for  any  given  condition  of  temperature  and  pressure.     The  one  reil 

root  applies  to  the  gaseous  cod- 
dition  where  a  definite  volume 
exists  for  every  value  of  /» and 
6.  The  three  real  roots  apply 
to  that  region  in  which  for 
given  values  of  p  and  0  tlie 
substance  can  exist  either 
wholly  as  a  saturated  vapour, 
/g  ^\  ^  or  altogether  as  a  liquid,  or  as 

I  \  a  mixture  of  the  two.     The 

latter  volume  does  not  exist 
as  a  definite  volume,  but  tlie 
root  corresponding  to  it  is  re- 
presented on  the  diagram  (Fig. 
155)  by  the  point  in  which 
the  rectilinear  part  of  the 
isothermal,  parallel  to  the  hori* 
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Fig.  i56.-CurvH  lor^^^  zontal  axis,  meets  the  curved 

or  hypothetical  part  of  the 
isothermal  suggested  by  James  Thomson. 

The  equation  of  Clausius  embraces  four  constants,  to  be  determined 
by  comparison  with  the  results  of  four  experiments  on  the  values  of 
]>  and  V  at  four  different  temperatures.  The  equation  of  Van  der 
Waiils,  on  the  other  hand,  emliraces  only  three  constants,  which  can 
l)e  determined  by  three  experiments.  Hence,  if  both  be  regarded 
merely  as  empiric  formula^  a  greater  range  and  more  general  agree- 
ment with  experiment  would  be  expected  from  the  equation  of 
Clausius. 

In  the  case  of  carbon  dioxide  the  values  of  the  constants  deduced 
by  Clausius  were,  using  the  kilogmmme  and  metre  as  units — 

K  =  191>73,     c  =  5r>33,     a  =  00004-26,     /»  =  0-000494. 

The  tables  calculated  by  this  formula  show  in  general  a  satisfactory, 
and  in  some  cases  a  strikingly  good  accordance  with  the  results  of 
experiment. 

M.  Sarrau  ^  has  further  shown  that  the  formula  of  Clausius  repre- 

^  Sarrau,  Comptcs  Ilnndus,  torn.  xciv.  pp.  639,  718,  845;  1882. 
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sents  the  results  of  Amagat's  experiments  very  satisfactorily  in  the 
case  of  hydrogen,  nitrogen,  and  methane ;  hut  for  carhonic  acid  and 
ethylene  the  range  of  accordance  is  much  more  limited. 

From  the  consideration  of  the  curves  representing  the  results  of 
his  experiments  M.  Amagat  ^  was  led  to  replace  the  term  alv^  in  the 
equation  of  Van  der  Waals  hy  a  general  function  of  r,  so  that  the 
equation  takes  the  form 


[p.^y(.-*)  =  Re. 


This  contains  the  formula  of  Van  der  Waals  as  a  particular  case,  but 
even  in  this  more  general  form  it  fails  to  embrace  the  laws  of  com- 
pressibility of  both  the  gaseous  and  liquid  states  throughout.  In  order 
to  express  the  compressibility  of  a  substance  by  a  formula  which  will 
apply  both  to  the  liquid  and  gaseous  states,  recourse  must  be  had  to 
a  more  complicated  type,  such  as 


t^yT^:^]<^-*'=^^- 


which  merely  introduces  the  consideration  that  the  internal  pressure  CT 
is  a  function  of  both  volume  and  temperature.  Of  the  foregoing,  the 
formula  of  Clausius,  which  may  be  written  in  the  form 

is  a  particular  case.- 

This  equation  was  constructed  by  Clausius  ^  to  represent  the  experi- 
ments of  Andrews  on  carbon  dioxide,  under  the  supposition  that  it 
would  apply  to  other  substances  by  changing  the  constants  only.  On 
trial,  however,  it  was  found  that  the  equation,  in  this  form,  would  not 
3'ield  a  satisfactory  agreement  with  the  results  obtained  from  experi- 
ments on  other  substances ;  and  in  order  to  meet  this  deficiency, 
Clausius  changed  the  quantity  c/'G  in  the  final  term  of  the  equation 

^  Amagat,  Ann.  de  CJiimic  ct  de  Physique,  6',  torn,  xxviii.,  1883. 

^  A  general  equation  connecting  the  pressure,  volume,  and  temperature  lias  also 
been  deduced  by  M.  Aroldo  Violi  {Rend,  del/a  R.  Ace.  dei  Lincei,  vol.  iv.  p.  285  ; 
3eihldtter  der  Fhysik,  vol.  xiii.  p.  66  ;  and  Phil.  Mag.,  June  1889)  from  the  kinetic 
theory,  on  the  basis  of  various  hypotheses  as  to  the  mode  of  action  of  the  molecules. 
The  final  equation  is 


[p+2{f(l-fti(I+ae)}0'''^-'''  =  ^' 


where  p  is  the  pressure  in  metres  of  mercury,  v  the  volume  reduced  to  zero  centi- 
igrade,  6  the  temperature  centigrade,  a  the  coefficient  of  exjjansion  of  a  perfect  gas, 
a  the  constant  of  molecular  attniction,  h  the  ratio  of  the  volume  of  the  molecules  to 
the  whole  volume  occupied  by  the  substance. 

'  Clausius,   Wied.  Ann.,  vol.  xiv.  p.  279,  1881  ;  Ann.  de  Chimie  et  de  Physique, 
5*,  torn.  XXX.  p.  433,  1883. 
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(p.  505)  into  a  general  function  of  the  temperature^  and  for  tin 
purpose  he  first  wrote  the  equation  in  the  form 

y  _   ^  g 

KG    v-a    Re»(v  +  /3)* 

and  then  replaced  R6'/c  by  a  general  fimction  "^  of  the  tempenton 
which  vanishes  with  the  temperature.     The  equation  thus  becomes 


Re"r-a    ^{v-\-pY 

This  equation  may  of  course  be  written  in  the  form 

p         1        27(a  +  /9) 


Re    v-a    8*(r+/3)** 

where  4>  is  a  function  of  6  which  vanishes  with  O,  and  which,  on 
account  of  the  introduction  of  the  factor 

27 

is  in  addition  equal  to  luiity  at  the  critical  temperature  (see  p.  514). 
[If  we  write  Clausius's  equation  in  the  form 

and  neglect  a  and  ^  in  the  last  term,  which  is  small,  we  get 

and  substitute  RG/y?  for  v  in  the  last  term,  we  have 

;;(r-a)  =  Re-^,, 

or 

Re     c 
^'^y-Re-^^^' 

a  modification  of  Clausius's  equation  which  has  been  used  by  Love  and 
Callendar.] 

252.  Application  of  Clausius's  Equation.  —  In  order  to  apply 
this  ecjuation  to  the  case  of  evaporation,  let  p  denote  the  pressure  of 
the  saturated  vapour,  i\  the  specific  volume  of  the  liquid,  and  r^  that 
of  the  saturated  vaj)our.     We  have  then  the  two  equations — 

?)  _     1      _  27(a  +  ^) 
ke""r,-a     8*(ri+^) 


2     .         .         .  (liquid)    (1) 


1  27(a  +  /3) 


(vaponr)    (2) 


Ke     I'o-o    8*(r2  +  /3)'^    • 

A  third  equation  is  obtained  by  expressing  that  the  work  done  in 
pjissing  along  the  rectilinear  part  of  the  isothermal,  which  applies  to 
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the  passage  of  the  substance  from  being  altogether  liquid  to  being 
altogether  saturated  vapour,  is  the  same  as  if  the  transformation  took 
place  along  the  theoretical  curve  joining  the  same  two  points  and 
given  by  the  above  equation.     Expressing  this  equality  we  have 

Performing  the  integration  this  gives  us 

;>(r,-i^i)_        t-^-g     27(a  +  /3)/     1  1     \ 

Re      -^""^v.-a  8*     At'i  +  /»"^+7/  *         •         ^  ^ 

For  the  sake  of  brevity  let  us  write 

n  =  ^,     7=»  +  A     W=r2-o,     t<;=r,-o; 

with  this  notation  the  equations  (1),  (2),  (3)  become 

_  1  277. 

""W"8*(\V+7)2  ....  (II), 

n{\\-W)  =  \0g--^Jy(-^-,,r^.        )  .  (III). 

These  three  equations  furnish  the  solution  of  any  problem  concerning 
such  a  transformation. 

If  it  is  desired  to  determine  II,  ir,  W  as  functions  of  <f»  directly,  we  are  led  to  a 
traosccD dental  equation.  It  is  consequently  better  to  determine  them  all  as  well 
as  <f>  in  terms  of  some  other  variable  arbitrarily  chosen.  Thus  for  this  pur^wse 
Planck  used  the  transformation 

W  =  r  coa*J||0,     w  =  r  sin-A0  ; 

but  Clausius  takes  the  new  variable  as 

"Which  api)ears  in  etiuation  (III).     With  this  notation  we  obtain  immediately  from 

equations  (I)  and  (II) 

1  277  1  277 


w     8^[w  +  7)-  ~  W     8*(  VV  +  7)- 
from  which 

8*~Wi^(VV+i<7  +  27)' 
and  substituting  this  in  equation  (I)  we  have 

„_i ("^y+yy 1      /"i  -  '^M 

^^  -  ir     WM7(W-f«r  +  27)~(W  f  m;  +  27)V         Wir/' 

Consequently  equation  (HI)  gives 

1        W      „,.^         N_.277/     1_        _1      ^     (W-i^0(2\\V4-W7  +  tO7) 
log  —  -  "( W  -  1^^)  +  g^  [^^\^y-  ^v  +  7  1  -         ^yw( \V  +  iv'-r  27) 

But  if 

w 

X  =  log  — ,     wo  have    W  =  weK 


O       yj. 
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Therefore 

Hence 

1  -  2X<?-^  -  g-^ 

'^"'^X-2  +  (X  +  2)e-A 
and 

'^  X-2  +  (X  +  2)e-A 

To  calculate  II  we  substitute  for  w  and  W  in  the  expression  for  it,  and  find 

^g-A[(X-2)  +  (X  +  2)g-A][(l-r-A)«  -  X^-A] 
7(1  -  <J-A)(1  -  2X«-A  -  e-^A)a 

Finally  we  have 

277  Ww(W  +  u>  +  27)     27    [X  -  2-f(X4.2)<;-A^l -2Xf-A  -  ^-^ 
8     ( W  +  yf(w  h  7)*^  ~  8    (1  -  tf-AXX  - 1  +  c-^f{  1  -  <;-A  -  X^-a)*" 

Each  of  these  quantities  may  be  expressed  in  a  series  of  (lOwers  of  X. 
For 

^— K^-r|- ) 

-^--K^r^ ) 

^-^-^-H^rfT — ) 

X_2  +  (X  +  2).-A  =  x=»(.J-J^  +  ^^--    .    .    .    .) 
l-.2X.-A-c-A^2V    .^-^-f     .     -— +    . 


M  i  ■.     x.>     ,      ^ ./   1        liA     1»5a-     12\'     99\-  \ 

:i\-        X='  17\-*  X*^ 


/o     ^      -^A-        X='  17X-  X'^  \ 


\  .J  .  0       .J  .  0-  .    /  / 

we  have 

ir  --.  M     XX, 

W  =  M  -f  XX. 
From  wliich  we  have 

W  :  //•^2M, 
W«=M--X2X-. 

Tlieiice  llie  sum  and  the  product  of  W  and  w  embrace  only  even  powers  of  X,  ai 
consequently  II  and  *  only  embrace  even  powers  of  X.     It  follows,  therefore,  that 
the  nei;<hbourliood  of  the  critical  temperature,  when  X  ai)proaches  zero,  the  qua 
tities  II  and  4>  behave  like  the  «piantities  "\V  and  ic. 
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The  foregoing  equations  determine  Wy  W,  n,  and  ^  as  functions  of  X,  and  there- 
'ore  in  an  indirect  manner  connect  w,  W,  and  IT  with  4>.  In  researches  tbe  tem- 
perature 6  is  ordinarily  supposed  to  be  given,  and  the  pressure  of  the  vapour  and 
;he  specific  volumes  are  required  in  terms  of  it.  It  is,  therefore,  desirable  to  express 
t£7,  W,  n  in  terms  of  4>.     For  this  purjiose  Clausius  writes 

$o  that  X  vanishes,  like  X,  at  the  critical  point,  and  the  series  for  X  in  terms  of  u* 

becomes 

X  =  ai:  +  3-24./.'3  +  2-880l716.r»  +  2-885628.r7  +  .  *.     . 

&nd  by  this  means  a  table  of  values  of  X  was  calculated  for  uniformly  ascending 
values  of  4>. 
We  have 

The  former  is  infinite  at  the  critical  point,  while  the  latter  remains  finite,  and.  a 
similar  difference  ought  to  exist  between  the  derived  functions  of  w,  W,  and  IT. 
Hence  at  the  ciitical  point  the  specific  volumes  of  the  liquid  and  vapour  experience 
changes  which  are  infinitely  great  compared  with  the  change  of  temperature,  while 
the  variation  of  the  saturated  vapour  pressure  bears  a  finite  ratio  to  the  change  of 
temi)eratnre.  This  characteristic  difference  was  also  previously  remarked  by  Van 
der  Waals. 

The  form  assumed  by  Clausius  for  the  function  4>  is 

1  _  a      . 

and  since  4>c=  1,  we  have 
so  that  the  relation  becomes 


^  =  (l+*)(^^)"-6. 


In  the  case  of  carbon  dioxide  n  =  2  and  6  =  0,  and  the  equation  reduces 
to  the  well-known  form 

Clausius   has  compared    this   formula    with    the    experiments    of 
Regnault  ^  on  ether ;  from  these  he  finds 

(1  =  2665,     f»  =  076786,     and  /i=l-19*233. 

The   table  of  vapour  pressures  calculated  by  means  of  the  formula 
agrees  very  well  with  those  obtained  by  experiment. 

A  comparison  with  Regnault's  experiments  on  water  gave 

a  =  5210,     6  =  0-85,     n  =  \'2A 
rt  =  0-00754,     7  =  0-001815. 

The  formula  has  been  further  compared  by  Professor  G.  F.  FitzGerald  - 
with  the  more  recent  experiments  of  Ramsay  and  Young  on  alcohol, 

^  Relation  des  JSrperienccs,  torn.  ii.  p.  393  ;  and  Sajotchewski  {Beibf alter ^  vol.  iii. 
p.  741,  1879). 

2  G.  F.  FitzGerald,  Pruc.  Roy,  Soc.,  vol.  xlii.  p.  216,  1887. 
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and  very  fair  agreement  was  found.  Constant  values  of  a  and  p  iai 
not,  however,  satisfy  the  observations  accurately,  for  a  varied  fraa 
1-087  at  0°  G.  to  0184  at  240"^  C.  Thus  a  diminished  with  rise  of 
temperatiu-e,  and  it  was  also  found  to  increase  with  increased  pressom 
Notwithstanding  this,  the  formula  of  Clausius  gives  an  exceedii^j 
accurate  general  representation  of  the  more  important  changes  of 
state.  ^ 

258.  The  Critleal  Ck>nstants. — The  critical  constants,  or  the  pres- 
siu'e,  volume,  and  temperature  at  the  critical  point,  may  be  easflj 
obtained  in  terms  of  the  constants  which  appear  in  the  equation  of 
Van  der  Waals.     Writing  this  equation  as  a  cubic  in  r,  thus 

jw*  -  (6p  +  RO)t'-  +  av  -  a6 = 0, 

then  at  the  critical  point  the  three  roots  of  this  equation  are  eqntl, 
and  hence  the  critical  constants  are  determined  by  the  equations 

3rcVo  =  «, 
rf?pf,  —  ab. 

From  the  two  last  of  these  it  follows  at  once,  by  division,  that 
Hence 

and 

'~'27Kh' 

In  this  manner  Van  dcr  Waals,  having  determined  the  constants  a  and 
h  from  Regnault's  experiments  on  the  compressibility  of  carbonic  acid, 
found  for  this  substance  6?^.  =  32  '5  C,  the  close  agreement  of  which 
with  the  ex])erimental  result  of  Andrews  is  remarkable. 

Taking  one  atmosphere  as  unit  pressure,  and  the  volume  occupied 
by  the  gas  at  zero  centigrade  and  one  atmosphere  pressure  as  unit 
volume,  the  values  of  the  constants  were 

li73R  =  1-00646,     «  =  0-00874,     «;  =  0-0023. 

Treating  the  equation  of  Clausius  (p.  505)  in  the  same  manner,  we 
find  the  critical  constants  determined  by  the  equations 

'Sjn'=pa  +  'Re-2^p (1) 

3pi^e=pe^-2fie{pa  +  RQ)-rC      ....       ':2] 
pr^B-^ca  +  ^^ipahRO) (3) 


^  M.  Sarraii  {Comptcs  Ivrn/iis,  torn.  ci.  p.  941,  1885)  employs  the  exponential 
form  *  =  /,7'©  in  the  formula  of  Clausius,  and  M.  Battelli  used  the  equation  in  the 
moro  general  form 
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Substituting  in  the  second  the  value  of  pa  +  R6  found  from  the  first, 
viz.  p(3v  -f  2^),  we  obtain 

3/>e(r+/3)2=c (4) 

and  making  the  same  substitution  in  (3)  we  obtain 

ca=pe(v»-Bv^-2^)=))e{v-2^){v  +  ^)'^       ...         (6) 

Now  equation  (4)  may  be  written  in  the  form 

^^=e(^ W 

Hence  at  once  by  the  original  equation  we  have 

*^=f^ ('> 

Now  (4)  and  (5)  give  at  once 

and  hence  by  multiplication  of  (6)  and  (7)  we  find 

/      cK 

Hence 

^'~  \-^27R(o  +  ;i)" 
These  results  may  also  be  easily  obtained  by  expressing  that  at  the  critical  point 

'1=". 

and  also  d~^~ 

Applying  this  method  to  tHe  equation 

Re"t;-a     4'(v  +  /i)2' 
where  4^  is  a  function  of  8,  we  have  from 

the  equation  ___.=  _r_        .....         (1) 

While  -^,  =  0 

2      _       6 

t)ividing  (1)  by  (2)  we  obtain  at  once  the  critical  volume 

IV  =  3a +  2^, 
^nd  substituting  this  value  of  v  in  (1)  or  (2)  we  find 

8 


4f  —  


2  L 
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which,  substituted  in  tlie  original  equation  witli  re,  yields 

5^  =  1 

Be.  87' 

The  above  value  of  4^0  shows  why  it  is  necessary  to  write  the  equation  in  the  fans 

P  _    1         27(a  +  /3) 
Re~r-a''8<l>ir  +  /9r)« 

if  it  be  desired  to  have  4>  a  function  of  6,  which  equals  unity  at  the  critieil  tem- 
perature. 

254.  Ck>iTespondinfir  States. — A  deduction  of  Van  der  Waak'sfron 
his  equation  concerns  what  may  be  termed  corresponding  states  of 
matter.  If  the  pressure,  volume,  and  temperature  of  a  substance  be 
expressed  as  multiples  of  their  critical  values — that  is,  if  we  write 

/)=Xp^    v=Mfr,    0=^60 

then  any  other  substance  will  be  in  a  corresponding  state  when  its 
pressure,  volume,  and  temperature  are  the  same  multiples  A,  /«,  r  of 
their  critical  values.     Substituting  in  the  equation 

(i'+"^)  (''-'')= Re, 

and  replacing  pc,  t'e,  B^  by  their  values  in  terms  of  a,  6,  R,  we  have 

an  equation  in  which  everything  depending  on  the  nature  of  the  sub- 
stance hiis  disappeare<l,  and  which  should  apply  to  all  substances,  just 
as  y>r  =  RB  applies  to  all  perfect  gases.  Henc^  if  pressures,  volumes, 
and  tempcnitures  be  expressed  in  terms  of  their  critical  values,  the 
isothermals  become  the  same  for  all  substances. 

At  the  time  when  Van  der  Waals  published  his  work  sufficient 
experimental  data  were  not  available  to  test  the  accuracy  of  these 
deductions,  and  since  that  time  they  have  been  subject  to  much  criti- 
cism, both  favoiu'able  and  adverse.^  From  the  recent  experiments  of 
Dr.  S.  Young,-  it  apjMjars  that  the  conclusions  of  Van  der  Waals  are 
very  approximately  true  for  the  halogen  derivatives  of  benzene,  or  at 
least  that  these  substances  show  very  much  smaller  deviations  than  the 
others  examined.  The  law,  therefore,  seems  to  be  not  quite,  but  very 
nearlv,  true  for  these  substances  ;  but  in  the  case  of  the  other  sub- 
stances  exjimined  the  majority  of  the  generalisations  were  either  only 
roughly  tnie  or  else  altogether  departed  from. 

^  A  iliscussioii  of  this  equation,  in  which  Lord  Kayleigh,  Professor  P.  G.  Tait, 
and  Pmfessor  Korteweg  took  i»art,  api^ared  in  Xaturc.  vols.  xliv.  and  xlv.,  1891-92. 
-  S.  Young,  PhiL  Mag.,  vol.  xxxiii.  p.  153,  1892. 
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Exam/des 
1.   Employing  Leray's  equation 

deduce  the  equations  of  Van  der  Waals  and  Clausius. 

{If  we  replace  n  by  u^^{l  -  ep),  which  expresses  that  n  decreases  as  the  pressure 

increases,  and  if  we  suppose  c  and  e  so  small  that  their  squares  may  be  neglected,  we 

have 

p/{l  -  ep)  =p-\-cjrf     and  r/  f  1+  -  j  =  r  -  c  : 

and  hence 

2 

{p-\-ep^){v-  c)  =  ^rt/ioe. 

2 

Replacing  j^  by  the  approximate  value  kji^^  and  writing  R  =  ^n.„  we  have 

(;'+^)(r-c)=Re, 

which  is  Van  der  Waals's  equation. 

If,  however,  we  also  take  account  of  the  variations  of  temperature  and  write 

the  formula  becomes 

(/'+-|^)(t'-c)=Re, 

and  as  p  does  not  vary  exactly  as  the  inverse  of  i\  it  may  be  taken  more  approxi- 
Jliately  as  the  inverse  of  (r  +  /3),  and  we  obtain 

H'hich  is  the  equation  of  Clausius. 

finally,  if  we  write  n  =  njl\-cp€~    ),  we  obtain  the  formula  of  M.  Sarrau — 

^  Re  _^€2^  \ 

^'     v-c     (r-r/^KJ 

2.   Losing  the  notation  of  Art.  57,  show  that  the  ratio  of  the  specific  heats  of  a 
may  be  expressed  in  the  form 

7=1  +  ; 


3(l-fa  +  6) 


{ABSuming  the  equation  />*'=-«*,  we  have 


pdv  +  V(lp  =  ^  mlu. 
3 
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But  if  the  transformation  is  adiabatic,  the  external  work  done  is  equal  to  the  t1 
change  of  energy  of  the  gas,  and  therefore  (Art.  57) 

-  }xiv  =  fi</fi  +  icdw  +  wrfw 

\       a    a/ 
Hence 

or 

pt>     3(1 +a +6)= constant.  / 


CHAPTER  VI 


RADIATION  AND  ABSORPTION 
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SECTION  I 

GENERAL  THEORETICAL  CONSIDERATIONS 

255.  Propagation  of  Heat — ^There  are  three  methods  commonly 
•ecognised  by  which  heat  may  be  propagated  or  conveyed  from  one 
^lace  to  another.  The  first  of  these  is  that  which  we  are  about  to 
consider  at  present,  and  is  termed  radiation.  It  is  by  this  method  that 
leat  and  light  reach  us  from  the  sun,  or  from  a  lamp  or  fire,  and 
luring  the  period  of  transit  the  heat  is  spoken  of  as  radiant  heat,  of 
Hmply  as  radiation,  this  term  embracing  light  as  well  as  heat  This 
nethod  of  propagation  is  distinguished  from  the  other  two,  known  as 
convection  and  conduction,  in  which  the  transfer  of  heat  is  effected 
wholly  or  largely  by  the  agency  of  matter.  In  the  former  the  heat  is 
carried  from  place  to  place  by  the  matter  with  which  it  is  associated, 
lo  that  the  flow  of  heat  depends  altogether  on  the  motion  of  matter. 
[t  is  by  this  method  that  heat  is  conveyed  through  buildings  heated 
by  hot-water  pipes,  and  it  is  chiefly  in  this  way  that  uniformity  of 
t^emperature  is  established  in  unequally  heated  fluids. 

The  process  of  conduction,  on  the  other  hand,  does  not  depend  on 
^ny  visible  motion  of  matter.  It  is  by  this  method  that  temperature 
equilibrium  is  established  in  solids,  and  that  heat  passes  from  the 
Brarmer  to  the  colder  parts  of  the  same  solid.  Thus  if  one  end  of  an 
iron  bar  be  placed  in  a  furnace,  and  the  other  in  a  vessel  of  ice,  a  flow 
Df  heat  will  take  place  along  the  bar  from  the  furnace  to  the  ice ;  and 
li  radiation  from  the  sides  of  the  bar  be  prevented  as  far  as  pos- 
»ble,  the  rate  at  which  the  ice  melts  will  afford  a  rough  measure  of  the 
How  of  heat  along  the  bar.  This  method  of  conveying  heat  from  one 
place  to  another  is  usually  attributed  to  molecular  action  or  propaga- 
tion by  contact,  the  warmer  molecules  heating  the  colder  by  contact  or 
otherwise.  This  process,  however,  will  be  considered  in  fuller  detail 
in  the  next  chapter ;  at  present  we  shall  confine  our  attention  to  the 
|)roce8s  of  radiation  which  does  not  appear  to  depend  in  any  way 
on  the  presence  of  matter,  but  which  takes  place  through  the  best 
vacua,  and  through  interstellar  spaces,  and  is  further  distinguished 
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from  the  comparatively  slow  processes  of  convection  and  conductioo 
by  advancing  with  the  enormous  velocity  of  300,000,000  metres  per 
second. 

In  approaching  the  study  of  such  a  subject  as  the  nature  of 
radiant  heat,  and  the  process  by  which  it  is  emitted  and  propagRted 
through  space,  the  most  philosophic  method  of  procedure  u  to 
determine  as  far  as  possible  the  laws  which  govern  its  propagition 
through  different  media,  as  well  as  its  passage  from  one  medium  to 
another,  before  any  hypothesis  is  framed  as  to  the  nature  of  tht 
emission  or  the  mechanism  by  which  it  is  propagated.  Thus,  without 
any  hypothesis,  the  laws  of  its  reflection  and  refraction,  and  the 
manner  in  which  its  intensity  varies  with  the  distance  from  the. source, 
may  be  examined  and  determined.  Whatever  the  mechanism  maj 
be  by  which  radiant  heat  is  emitted  and  propagated,  we  have  the  most 
complete  experimental  evidence  that  the  process  is  precisely  the  same 
as  that  employed  in  the  propagation  of  light,  and  any  evidence  whidi 
can  be  adduced  in  favour  of  the  supposition  that  light  is  a  inre 
motion  propagated  through  a  medium  can  also  be  stated  with  r^;ard 
to  radiant  heat.  Kadiation  in  this  sense  consists  essentially  in  the 
propagation  of  a  wave  motion  through  the  ether.  What  is  propagated 
and  radiated  in  all  cases  is  energy,  and  all  phenomena  connected  with 
it  are  to  be  explained  as  the  consequences  of  the  interchange  of  energy 
between  the  ether  and  matter,  and  it  is  purely  as  the  recipients  or 
donors  of  such  that  we  ourselves  become  sensible  of  heat  and  cold. 

256.  On  the  Formation  of  a  Theory. — The  phenomena  of  radiant 
heiit  and  light  having  been  proved  to  be  subject  to  the  same  laws  of 
reflection,  refraction,  polarisation,  and  interference — in  fact,  the  two 
being  reducible  to.  and  merely  diff'erent  effects  of,  the  same  physical 
agency — a  definite  hypothesis  is  framed,  and  the  investigation  proceeds 
from  the  direct  study  of  the  phenomena  to  the  elaboration  of  a  con- 
nected theory  which  accounts  for  the  facts,  and  exhibits  their  sequence 
and  relations.  The  existence  of  atoms  and  molecules  of  matter  is 
first  admitted,  and  a  medium  is  then  assumed  in  which  they  vibrate 
and  generate  waves,  or  a  periodic  disturbance  of  some  sort,  travelling 
with  the  enormous  velocity  of  300,000,000  metres  per  second.  In 
this  manner  a  mental  picture  is  formed  of  the  unknown  process  by 
which  energy  is  emitted  by  a  body  and  propagated  through  the  space 
around  it — a  picture  which  has  proved  of  enormous  advantage  in 
grappling  with  the  investigation  of  the  phenomena,  but  which  may,  or 
may  not,  have  a  similitude  to  the  processes  actually  in  action. 

In  forming  such  a  picture,  or  in  framing  any  hypothesis  as  to  the 
mode  of  propagation   of  radiant  heat  and   light,  we  fall  back  upon 
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analogous  phenomena  which  we  can  thoroughly  examine,  and  with  the 
ideas  formed  in  the  study  of  the  latter,  we  approach  the  investigation 
of  the  former.  We  thus  proceed  to  the  interpretation  of  the  unknown 
processes  in  terms  of  well-conceived  analogies  derived  from  the  known. 
The  ideas  by  which  we  picture  and  conceive  of  the  propagation  of  heat 
and  light  are  derived  from  the  study  of  the  phenomena  of  sound.  A 
sounding  body  is  the  source  of  an  influence  which  is  radiated  from  it 
in  all  directions  through  the  surrounding  medium  with  a  definite 
velocity.  When  this  phenomenon  is  examined,  it  is  found  that  the 
sounding  body  is  in  rapid  vibration,  and  that  these  vibrations  are 
communicated  to  the  air,  that  sound  waves  are  thus  generated  in  the 
air  which  spread  out  from  the  vibrating  body  and  break  upon  the  ear, 
causing  the  impression  which  we  call  sound.  Here  the  vibrating  body 
is  recognised  as  the  source  of  an  influence  which  is  radiated  from  it  in 
all  directions  with  a  definite  velocity,  and  which  causes  a  certain 
impression  on  one  of  our  organs  of  sense.  With  the  knowledge  thus 
gained,  we  proceed  to  the  explanation  of  the  phenomena  of  heat  and 
light,  and  make  the  very  promising  and  attractive  assumption  that 
they  too  are  due  to  wave  motion  propagated  through  a  hypothetical 
medium  named  the  ether. 

In  this  case,  however,  as  the  nature  of  the  medium  is  entirely 
unknown,  as  well  as  the  exact  character  of  the  waves,  we  consider 
it  prudent  in  the  present  state  of  knowledge  to  stop  at  this  stage  of 
the  hypothesis,  and  we  hesitate  to  ascribe  any  particular  type  or 
character  to  the  vibrations  and  wave  motion.  In  one  respect,  how- 
ever, the  study  of  light  seems  to  restrict  the  character  of  these  waves. 
It  appears  from  the  consideration  of  certain  phenomena  that  they 
cannot  be  propagated  by  longitudinal  vibrations,  as  in  the  case  of 
sound,  or  at  least  that  such  vibrations  do  not  play  an  essential  part  in 
the  production  of  light  or  vision.  With  this  one  restriction,  we  make 
no  further  hypothesis,  except  for  particular  purposes  of  explanation 
and  illustration.  We  have  distinct  evidence  that  the  propagation  is  that 
of  a  periodic  disturbance  or  a  periodic  change  of  some  property  of  a 
medium ;  but  beyond  this  no  other  assumption  is  warranted  by  the 
facts,  except  for  the  purposes  of  working  out  some  particular  theory, 
and  the  extra  assumptions  thus  introduced  should  be  clearly  laid 
down  as  the  hypotheses  on  which  the  theory  is  built,  and  these  are 
justified  only  in  so  far  as  all  the  deductions  following  from  the  theory 
are  substantiated  by  direct  appeal  to  experiment. 

267.  Dynamical  Analogy. — Let  us  now  consider  the  radiation 
and  absorption  of  sound,  in  order  that  we  may  approach  the  analogous 
phenomena  of  light  and  heat  %vith  a  distinct  mental  picture  which  \^ill 
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be  exceedingly  convenient  and  fruitful,  but  which  at  any  stage  may  be 
modified  or  entirely  discarded  when  it  is  found  to  be  misleading  or 
inconsistent  with  the  new  facts.  Let  us  suppose  that  we  have  two 
mounted  tuning-forks  of  the  same  pitch  placed  in  air  and  at  a  distance 
from  each  other.  If  one  of  the  forks  is  set  in  vibration,  the  waves 
which  it  radiates  through  the  air  fall  upon  the  other,  and  set  it  also 
in  vibration,  because  they  are  of  the  same  period  as  those  waves  which 
it  would  itself  emit  when  sounding.  Thus,  while  one  is  losing  energy 
the  other  is  gaining  it,  or  as  we  might  put  it  with  reference  to  the  other 
radiation,  while  one  is  growing  colder  the  other  is  growing  warmer. 
That  the  second  fork  absorbs  the  radiation  emitted  by  the  first  may 
be  distinctly  placed  in  evidence  by  stopping  the  vibration  of  the  firsts 
in  which  case  the  sound  emitted  by  the  second  can  be  distinctly  heard, 
although  at  the  beginning  of  the  experiment  it  was  silent.  It  has 
consequently  been  set  in  vibration  by  the  waves  emitted  by  the  other 
fork.  Here,  then,  we  have  a  distinct  case  of  radiation  and  absorption 
of  sound,  the  essential  condition  for  absorption  being  that  the  pitch 
of  the  absorbing  fork  should  be  the  same  as  that  of  the  emitting. 
This  single  principle  permeates  the  whole  science  of  radiation  and 
absorption,  and  is  embraced  in  the  general  statement  that  a  body 
absorbs  waves  which  are  of  the  same  period  as  those  which  it  emits 
when  it  is  itself  in  vibration. 

In  order  to  apply  this  idea  more  comprehensively  to  the  case  of 
radiant  heat  and  light,  it  is  necessary  to  take  into  account  the  supposed 
molecular  structure  of  matter.  We  must,  from  this  point  of  view, 
not  merely  regard  a  radiating  body  as  analogous  to  a  single  tuning- 
fork,  but  rather  as  a  swai-m  of  tuning-forks,  each  molecule  correspond- 
ing to  a  fork  in  vibration,  and  emitting  waves  peculiar  to  itself.  If 
the  forks  of  such  a  swarm  be  relatively  fixed  and  not  entangled,  the 
waves  radiated  from  the  system  will  depend  only  on  the  periods  of 
free  vibration  of  the  forks ;  but  if  the  forks  be  not  relatively  fixed,  but 
have  motions  of  translation  amongst  each  other,  such  as  has  been  ascribed 
to  the  molecules  of  a  fluid,  the  waves  radiated  will  be  influenced  both 
by  thei  motion  of  the  forks  and  by  their  mutual  collisions,  the  pitch  of 
those  forks  which  are  moving  at  any  instant  towards  the  observer 
will  be  somewhat  raised,  while  that  of  those  which  are  moving  away 
from  the  observer  will  be  lowered.  For  this  reason,  if  the  forks  are 
all  identical  and  possess  the  same  free  period,  the  sound  emitted  by 
the  moving  system  will  not  be  a  pure  tone,  of  a  single  wave-length, 
but  will  consist  rather  of  a  group  of  waves  lying  within  certain  hmits 
determined  by  the  velocity  of  motion  of  the  forks,  some  of  the  waves 
being  longer  and  some  shorter  than  that  emitted  by  a  single  fork  at 
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rest.  It  is  in  this  manner  that  the  finite  width  of  the  spectral  lines 
of  an  incandescent  gas  has  been  explained.^  Instead  of  having  a  line 
representing  a  single  wave-length  of  light,  we  are  presented  with  well- 
defined  narrow  bands  arising  from  the  broadening  of  the  lines  already 
referred  to  by  the  motions  of  translation  of  the  molecules  of  the 
radiating  substance.  The  same  motion  promotes  the  absorption  of 
groups  of  waves  rather  than  of  waves  of  a  single  period,  so  that  the 
absorption  bands  are  also  of  finite  width. 

If  now  the  radiation  from  such  a  system  of  vibrating  forks  falls 
upon  another  system  in  silence,  any  waves  which  are  of  the  same 
period  as  those  peculiar  to  the  second  system  will  be  absorbed  by  it, 
and  the  forks  of  this  system  will  be  set  in  vibration.  This  absorption 
will  continue  till  an  equilibrium  is  established  between  the  rate  at 
which  the  energy  is  absorbed  and  emitted  by  the  second  system.  This 
corresponds  exactly  to  the  method  by  which  a  cold  body  is  supposed  to 
become  warmed  in  the  presence  of  a  hot  one.  The  temperature  of  one 
falls  by  radiation,  while  that  of  the  other  rises  by  absorption  until  an 
equilibrium  is  established  between  the  radiation  and  absorption  of 
each.  From  this  point  of  view  every  body  at  a  stationary  tempera- 
ture must  be  regarded  as  radiating  energy  at  a  constant  rate ;  but 
since  the  temperature  remains  stationary,  it  must  be  regarded  as  also 
absorbing  energy  at  the  same  rate,  so  that,  on  the  whole,  the  loss  by 
radiation  is  exactly  compensated  by  absorption  from  other  sources. 
The  equilibrium  here  attained  is  not  one  of  rest  but  rather  one  of 
activity,  such  as  exists  between  a  liquid  and  its  saturated  vapour  in  a 
closed  space  when  the  stage  is  reached  at  which  as  many  molecules 
return  to  the  liquid  per  second  as  are  projected  from  its  surface. 
In  this  case  too  there  is  an  equilibrium ;  but  there  is  also  constant 
evaporation  balanced  by  an  equal  condensation,  and  matters  remain 
as  if  the  equilibrium  were  one  of  death  rather  than  one  of  active 
life. 

It  may  be  remarked  here  that  a  large  swarm  of  similar  tuning- 
forks,  such  as  we  have  just  considered,  would  be  highly  opaque  to  a 
note  or  sound  wave  of  the  same  period  as  themselves,  for  they  rapidly 
absorb  such  a  wave,  and  it  would  be  almost  completely  used  up  before 
it  had  penetrated  far  into  the  system.  In  analogy  to  this  it  was 
discovered  by  De  la  Roche,  and  abundantly  confirmed  by  Melloni  and 
others,  that  when  radiant  heat  is  passed  through  one  screen  the  trans- 
mitted beam  is  almost  completely  transmitted  by  another  screen  of  the 
same  material,  and  it  has  also  been  established  that  all  substances  are 
highly  opaque  to  their  own  radiation. 

^  Sec  the  author's  Theory  of  Light, 
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258.  The  Theory  of  Exchanges. — The  foregoing  consideratioitt 
prepare  us  to  grant  that  each  body  whose  molecules  are  in  vibration  is 
a  source  of  radiation  in  the  ether,  and  that  the  amount  of  radiatioD 
thrown  off  in  this  manner  by  any  body  depends  only  on  the  nature  and 
temperature  of  the  lx>dy  itself.  Returning  again  to  the  system  of  vihaX- 
ing  tuning-forks,  we  may  admit  that  the  sound-radiation  from  each  fork 
takes  place  independently  of  all  the  others.  £ach  fork  is  in  vibration, 
and  must  be  regarded  as  the  centre  of  a  system  of  waves  as  if  all  the 
others  were  at  rest.  The  rate  at  which  any  fork  parts  with  its  eneig^ 
may  be,  however,  considerably  modified.  Thus  if  two  or  more  of 
the  forks  happen  to  \ye  of  the  same  pitch,  each  will  absorb  part  of  the 
energy  emitted  by  the  other  and  will  thus  recruit  its  stock,  so  that 
the  energy  lost  per  second  by  any  fork  will  now  be  only  the  difference 
between  that  radiated  through  its  own  vibration  and  that  absorbed 
from  the  others.  When  these  two  parts  are  equal  the  energy  of  the 
fork  remains  constant ;  but  still  we  regard  it  as  radiating  at  a  constant 
rate,  while  it  absorbs  at  the  same  rate,  and  it  is  in  this  sense  that  the 
radiation  of  any  body  at  any  temperature  is  said  to  be  equal  to  its 
absorption  at  the  same  temperatiure. 

In  this  manner  we  are  led  to  believe  that  the  equilibrium  of  tem- 
perature which  ultimately  becomes  established  among  a  system  of 
bodies  contained  in  an  enclosure  impervious  to  heat,  and  which  con- 
tains no  source  of  heat,  is  attained  not  merely  by  the  warmer  bodies 
radiating  to  the  colder,  but  by  a  mutual  process  of  radiation  and 
absorption,  all  the  bodies  being  supposed  to  radiate  simultaneously 
each  to  an  amount  depending  on  its  constitution,  surface-condition, 
and  temperature.  Further,  when  the  equilibrium  of  temperature  is 
once  attiiined,  the  process  of  radiation  is  not  supposed  to  cease,  but 
to  continue  as  actively  as  before,  equilibrium  being  maintained  by 
simultaneous  radiation  and  absorption. 

From  this  point  of  view  there  is  a  continual  interchange  of  energy 
between  the  bodies  within  the  enclosure,  while  at  the  same  time  the 
energy  of  each  remains  constant.  Before  equilibrium  is  reached  the 
hotter  bodies  radiate  more  than  they  absorb,  while  the  colder  absorb 
more  than  they  radiate ;  the  quantity  which  each  radiates  per  second 
at  any  stage  is,  however,  independent  of  whether  its  temperature 
happens  to  be  rising  or  falling,  and  is  supposed  to  be  determined  by 
the  nature  and  temperature  ^  of  the  body. 

This  view  was  introduced  by  Provost  ^  of  Geneva  in   1792,  when 

'  On  this  point  sk'  Phi/.  Mmj.,  October  1S81,  p.  261,  Arthur  Schuster. 
-  Prevosi,  Sar  V Equillhrc  du  Fru^  Genrve,  1792  ;  Du  Caloriquc  Jlai/onnantj  Gen., 
1S09. 
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endeavouring  to  explain  the  supposed  radiation  of  cold.^  According 
to  Prevost's  line  of  thought  any  body  is  not  merely  regarded  as 
radiating  heat  when  its  temperature  is  falling,  or  absorbing  heat  when 
its  temperature  is  rising.  What  it  is  wished  to  express  is  that 
both  processes  are  continually  and  simultaneously  going  on,  the 
radiation  depending  only  on  the  body  itself,  while  the  absorption 
depends  on  the  nature  of  the  body  itself  as  well  as  on  the  condition  of 
neighbouring  bodies. 

In  order  to  illustrate  this  point  let  us  consider  the  case  of  a 
thermometer  suspended  in  a,  warm  room  at  a  steady  temperature. 
In  this  case  all  the  bodies  in  the  room  are  radiating  heat,  part 
of  which  is  absorbed  by  the  thermometer,  and  if  the  temperature 
of  the  thermometer  is  stationary,  the  quantity  of  heat  absorbed 
by  it  is  balanced  by.  an  equal  radiation.  If  now  a  cold  body  be 
brought  into  the  room  and  placed  in  the  vicinity  of  the  thermo- 
meter, this  body  will  screen  the  thermometer  from  some  of  the  radia- 
tion which  previously  fell  upon  it,  and  will  not  itself  radiate  an  equal 
supply.  The  total  radiation  received  by  the  thermometer  will  conse- 
quently be  diminished.  The  equilibrium  which  previously  existed 
will  thus  be  broken,  and  the  temperature  of  the  thermometer  will  fall 
to  that  point  at  which  its  emission  is  precisely  equal  to  its  absorption 
under  the  new  circumstances.  This  is  a  case  of  what  was  designated 
as  the  radiation  of  cold.  It  illustrates  how  equilibrium  is  reached  and 
maintained,  not  merely  by  the  warmer  bodies  radiating  and  the  colder 
absorbing,  but  rather  by  the  mutual  process  of  simultaneous  emission 
and  absorption. 

It  also  illustrates  how  largely  the  indications  of  a  thermometer 
depend  on  the  nature  of  the  radiation  of  the  bodies  around  it  as  well 
as  on  the  temperature  of  the  medium  in  which  it  is  immersed.  The 
indication  of  a  thermometer  may  differ  very  much  from  the  tempera- 
ture of  the  air  at  the  point  where  it  is  suspended.  If  the  waves 
emitted  by  any  neighbouring  body  are  such  as  the  thermometer  can 
absorb,  it  will  be  influenced  by  them  in  a  corresponding  degree ;  but  if 
they  are  such  as  it  does  not  absorb — that  is,  if  they  are  dissimilar  to 
those  which  it  emits,  then  thev  will  be  without  influence  on  the  indi- 
cations  of  the  instniment.  Whether  a  thermometer  detects  a  certain 
class  of  waves  or  not  depends  on  the  nature  of  the  material,  thus  if  the 
thermometric  substance  absorbs  only  waves  of  a  certain  length,  then  it 
will  respond  only  to  these  waves,  and  although  it  may  be  traversed  by 

*  The  experiment  illustrating  the  reflection  of  cold  was  reviveil  by  Pictet,  but 
Was  originally  made  some  centuries  before  by  Plenjpius,  and  the  Academicians  del 
Cimonto. — Young's  Lectures,  p.  489. 
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copious  radiation  of  other  wave-lengths,  its  indication  might  still  be 
the  same.     The  indication  of  a  thermometer  is  thus  detennined  lir 

m 

the  resultant  effect  of  all  the  various  waves  which  influence  it. 

The  indication  of  a  thermometer  is  found  to  be   ultimately  tk 
same  in  all  parts  of  an  enclosure  impervious  to  heat,  and  which  con- 
tains no  source  of  heat ;  and  it  is  in  this  statistical  sense  that  we  asBOt 
that  all  parts  of,  and  all  objects  in,  such  an  enclosure  ultimately  come 
to  the  same  temperature.     The  indication  of  the  thermometer  is  ind^ 
pendent  of  the  shape  or  material  of  the  walls  of  the  enclosure,  and  if 
the  bulb  be  coated  with  lamp-black,  or  silver-foil,  or  any  other  sab- 
stance,  the  tem|)erature  recorded  ^vill  remain  the  same.     Now,  of  tlie 
whole  radiation  falling  upon  the  thermometer  in  such  a  case,  part  is 
absorbed  and  part  is  reflected  either  regularly  or  irregularly.     Hm 
reflected  part  when  the  bulb  is  silvered  is  enormously  greater  than 
when  it  is  coated  with  lamp-black,  and  consequently   the  absorbed 
portion  must  be  so  much  less  in  the  former  case  than  in  the  latter. 
But  since  the  temperature  of  the  thermometer  is  the  same  whatever  it 
be  coated  with,  it  follows  that  the  heat  absorbed  by  it  when  coated 
with  any  substance  must  be  exactly  the  same  as  that  emitted,  and 
hence  the  emission  of  any  substance  at  any  temperature  must  be 
exactly  equal  to  its  absorption  at  the  same  temperature.     If  we  con- 
fine our  attention  to  a  body  A,  then  when  the  flow  of  heat  takes  place 
from  the  surrounding  space  B  into  A,  we  say  that  A  is  absorbing  heat 
from  B ;  but  if  the  flow  takes  place  from  A  to  B,  we  say  that  A  is 
radiating,  or,  if  we  like,  that  B  is  absorbing  heat  from  A.     The  direc- 
tion of  the  flow,  then,  determines  wliether  we  say  that  a  body  is  emit- 
ting or  absorbing  heat,  and  the  assertion  of  the  equality  of  the  emitting 
and  absorbing  i)owers  assumes  that  for  the  same  inflnitesimal  difference 
of  temperature  the  flow  will  be  the  same  whether  it  takes  place  from 
A  to  B  or  from  B  to  A,  across  the  surface  of  separation.^ 

259.  Emissivity  or  Surface  Conductivity. — It  was  established  by 
Sir  John  Leslie,  by  his  researches  in  radiant  heat,  that  some  substances 
emit  heat  under  the  same  conditions  much  more  copiously  than  others. 
For  this  reason  it  is  customary  to  speak  of  the  emissivity  or  emissive 
power  of  a  substance  or  of  the  surface  of  a  body.  The  radiating 
body  employed  by  Leslie  was  a  cubical  vessel  of  block-tin,  filled  with 
hot  water,  the  sides  of  which  could  be  coated  with  any  substance 
whose  emissivity  it  was  desired  to  study.  This  vessel  is  known  as 
Leslie's  cube.  It  is  constructed  so  that  it  may  be  rotated  round  a 
vertical  axis,  and  any  face  can  ]>e  brought  into  action  when  desired. 

^  [The  terms  emissive  and  absorbing  ix>wer8  are  used  in  a  different  aense  in 
■Section  V.] 
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If  the  cube  be  filled  with  hot  water,  and  if  one  side  be  coated  with  a 
thin  sheet  of  gold,  another  with  polished  silver,  a  third  with  copper, 
and  the  fourth  with  varnish,  it  is  found,  when  these  faces  are  allowed 
to  radiate  in  succession  against  the  face  of  a  thermopile  or  other 
delicate  radiometer,  that  the  faces  coated  with  the  metals  radiate  only 
very  feebly ;  but  when  the  varnished  face  is  turned  towards  the  pile, 
the  indication  of  the  instrument  shows  that  the  radiation  from  this 
face  is  very  copious.  The  polished  metals  are  consequently  much  less 
efficient  as  radiators  than  the  varnish.  It  is  for  this  reason  that  hot 
liquids  contained  in  polished  metal  vessels  retain  their  heat  much 
longer  than  when  the  surface  is  unpolished.  The  reflection  at  the 
surface  increases  with  the  polish,  and  this  whether  the  radiation  is 
passing  from  the  inside  outwards  or  from  the  outside  inwards.  The 
polished  surface  is  a  good  reflector,  and  therefore  a  poor  radiator. 

Without  adopting  any  hypothesis  as  to  the  process  by  which 
radiation  occurs,  or  as  to  the  nature  of  heat  or  the  structure  of 
matter,  the  surfa^  emissivity  of  a  body  may  be  defined  as  measured  by 
the  quantity  of  heat  which  the  body  loses  per  unit  surface  per  unit 
time  under  given  conditions — such,  for  example,  as  when  its  tempera- 
ture is  1^  C.  higher  than  that  of  the  enclosure  in  which  it  is  situated, 
and  when  the  air  in  this  enclosure  is  at  a  definite  pressure  or  entirely 
removed.  This  definition  does  not  involve  reference  to  the  radiation 
of  any  other  body,  nor  does  it  involve  any  hypothesis  as  to  the  law 
of  vanation  of  emissivity  with  temperature,  but  leaves  its  dependence 
on  temperature  and  other  circumstances  to  be  determined  by  direct 
experiment. 

This  quantity  is  also  termed  the  surface  conductivity,  and  sometimes 
the  external  condmtiriiy,  as  distinguished  from  the  internal  conductivity 
or  property  by  which  heat  is  conveyed  through  solids  from  places 
of  higher  to  places  of  lower  temperature.  In  practice  all  we  can 
determine  is  the  rate  at  which  a  body  loses  heat  when  cooling  under 
given  conditions,  so  that  the  so-called  coefficients  of  emission  which 
have  been  as  yet  determined,  are  only  rough  measurements  involving 
what  might  be  termed  the  emissivity  proper  of  the  substance  as  well 
as  the  internal  conductivity  of  the  material  and  other  quantities 
depending  on  the  nature  of  the  enclosure. 


SECTION   II 

COOUNG 

260.  Empirical  Laws  of  Cooling. — When  a  hot  body  is  suspended 
in  the  air  it  is  easily  determined  that  the  cooling  proceeds  bj  tro 
very  distinct  processes  which  act  simultaneously.  One  of  these  is 
the  radiation  already  considered,  which  takes  place  equally  in  all 
directions,  and  the  other  arises  in  the  convection  and  conduction  of 
the  air  surrounding  the  body.  The  air  in  immediate  contact  with  the 
body  becomes  heated  and  rises  through  the  colder  and  denser  air 
above.  In  this  manner  an  ascending  current  of  air  is  estabh'shed 
around  the  bod}",  and  fresh  supplies  are  continually  brought  into  con- 
tact with  it  beneath,  which  become  heated  in  turn,  and  rising  canr 
off  part  of  its  heat.  This  is  the  process  termed  convection,  and  the 
amount  of  heiit  earned  off  in  this  manner  will  depend  on  the  pressure 
and  nature  of  the  air  or  gas  in  which  the  body  may  be  immersed. 
The  rate  of  cooling  will  consequently  be  determined  by  the  sum  of 
two  functions,  one  of  which  represents  the  loss  of  heat  by  radiation, 
and  the  other  that  lost  bv  the  convection  and  conduction  of  the  sur- 
rounding  medium. 

For  the  sake  of  simplicity  we  shall  first  consider  the  case  of  a 
body  suspended  in  an  enclosure  which  is  free  from  air  or  other  gas, 
so  that  the  cooling  takes  place  by  radiation  to  the  walls  of  the  en- 
closure alone.  If  the  temperature  of  the  body  be  6,  the  heat  lost  per 
second  by  radiation  will  be  some  function  of  the  temi)erature  0)  and 
if  the  walls  of  the  enclosure  be  maintained  at  some  temperature  ^^p 
then  by  tlie  considerations  reviewed  in  the  last  section  a  mutual 
process  of  radiation  and  al^sorption  takes  place  between  the  body  and 
the  walls  of  the  enclosure.  The  heat  absorbed  per  second  by  the. 
body  will  be  a  function  of  the  temperature  6^  of  the  walls  of  the 
enclosure,  and  this  quantity  will  be  the  same  as  that  which  woidd 
be  radiated  by  the  body  at  ^^„  for  at  this  temperature  there  would 
be  e(|uilibrium  of  temperature  between  the  body  and  the  enclosun*. 
Hence,  if /(^)  denotes  the  heat  lost  per  second  by  radiation  when  the 
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body  1*8  at  the  temperature  6,  the  same  function  will  represent  the  heat 
gained  by  absorption  when  in  an  enclosure  at  the  same  temperature, 
since  by  the  theorj'  of  exchanges  the  radiation  at  any  temperature  is 
equal  to  the  absorption  at  the  same  temperature.  Hence,  if  f{6) 
represents  the  rate  of  loss  by  radiation,  /{O^)  will  represent  the  rate  of 
gain  by  absorption,^  and  their  difference 

Ae)  -A^o) 

will  determine  the  rate  of  cooling  of  the  body. 

Newton  seems  to  have  been  the  first  to  consider  the  law  of  cooling 
of  a  body  subject  to  any  constant  cooling  action — such,  for  example,  as 
the  influence  of  a  uniform  current  of  air.  In  such  cases  he  supposed 
that  the  rate  of  cooling  was  proportional  to  the  excess  of  the  tempera- 
ture of  the  body  above  that  of  the  medium  in  which  it  was  immersed. 
This  admission  amounts  to  assuming  f{6)  =  AS  +  B  in  the  foregoing 
expression,  or  if  the  temperature  be  measured  from  the  absolute  zero, 
then  B  =  0,  and  the  assumption  is  that  the  total  radiation  of  a  body 
is  proportional  to  its  absolute  temperatiu-e.  In  this  case  we  have 
for  the  rate  of  cooling — 

yi<?)-/i^o)=A(^-^o), 

or  since  the  rate  of  cooling  is  -  -t.> 

at 

we  may  write 

where  E  is  a  coefficient  depending  on  the  nature  of  the  body  and  its 
surface  condition.  This  formula  has  been  found  to  represent  the 
facts  fairly  well  for  small  differences  of  temperature,  and  may  be  used 
to  determine  the  radiation  correction  in  such  experiments  as  ordinarily 
occur  in  calorimetry,  where  the  excess  of  6  over  Oq  never  exceeds  a 
few  degrees  centigrade.  For  differences  exceeding  40°  or  50""  C, 
this  law  was  found  even  by  such  early  experimenters  as  Martine,^ 
Kraft,  Richmann,  Leslie,  and  Dalton  to  deviate  seriously  from  the 
truth  when  temperature  is  measured  in  the  ordinary  way  by  a  mer- 
curial thermometer,  and  Dalton  for  this  reason  proposed  a  new  scale  of 
temperature,  according  to  which  the  law  of  Newton  would  be  exact. 

In  consequence  of  these  discrepancies  Dulong  and  Petit  under- 
took an  elaborate  series  of  experiments  on  the  cooling  of  thermometers 
in  an  enclosure  maintained  at  a  constant  temperature,  and  which 
could  be  either  exhausted  or  filled  with  a  gas  at  any  pressure  desired. 
From  the  results  of  these  experiments  they  were  led  to  propose  the 

'  Thifl  is  the  assumption.  ^  Dissertations  sur  fa  Chaleur,  1740. 
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formula  Aa^  +  B  for  f{6\  the  rate  of  radiation  of  a  surface  at  temper- 
ture  6.  In  this  formula  6  may  be  taken  as  the  absolute  tempentore 
if  desired,  as  the  effect  is  only  to  alter  the  value  of  the  coefficient  A. 
If  the  absolute  temperature  be  chosen,  then  the  radiation  will  be  nro 
when  6  =  0  and  we  shall  have  B  =  -  A.  By  the  same  reasoniDg  ts 
before  it  will  follow  that  the  absorption  from  the  walls  of  the  a- 
closure  at  6^  will  l)e  Aa^o  +  B,  so  that  the  rate  of  cooling  will  be 

or 

In  the  same  memoir  ^  Dulong  and  Petit  have  investigated  the  rate 
of  cooling  under  the  simultaneous  action  of  radiation  and  convectioQ, 
and  have  represented  it  by  an  empirical  formula  of  a  highly  artificial 
character.  The  term  representing  the  loss  by  radiation  being  the 
same  as  that  given  above,  while  that  which  represents  the  loss  by 
convection  and  conduction  depends  on  the  pressure  of  the  gas,  beiog 
jointly  proportional  to  a  power  of  the  pressure  varying  with  the  nature 
of  the  gas  and  a  power  of  the  temperature  excess  which  is  the  same 
for  all  gases.  The  formula  of  Dulong  and  Petit  seems  to  apply  wiUi 
consideraV)le  accuracy  through  a  much  wider  range  of  temperature 
difference  than  that  of  Newton.  We  shall  consequently  review  the 
experiments  by  which  they  were  led  to  the  law  which  bears  their 
name. 

1)UL()N(J    AND    PeTIT's    EXPERIMENTS 

261.  Principles  of  the  Research. — In  their  classical  investiga 
tioiis  of  the  laws  of  cooling,  MM.  Dulong  and  Petit  operated  entirely 
by  observing  the  rate  of  cooling  of  large  liquid-in-glass  thermometers 
under  various  conditions.  In  studying  the  influence  of  the  nature  of 
the  surface  on  the  rate  of  cooling  the  advantage  of  using  a  liquid  which 
is  a  good  conductor  is  twofold.  In  the  first  place,  when  the  tempera- 
ture of  the  outside  layer  falls,  convection  currents  are  set  up  which 
Ciiualise  the  temperature  of  the  mass,  and  the  greater  the  conductivity 
of  the  liquid  the  more  rapidly  will  this  equality  be  attained.  For 
this  reason  the  temperature  of  a  good  conducting  liquid  like  mercurv 
will  be  approximately  the  same  throughout,  and  the  rate  of  cooling 
will  depend  chiefly  on  the  nature  of  the  surface  of  the  bulb,  and  this 
can  be  varied  at  pleasure. 

The  thermometers  employed  by  Dulong  and  Petit  in  this  research 

*  Dulong  ami  Petit,  Ann.  dc  f'himk  H  d,'  Physique^  2^  torn.  viL  pp.  225  and 
aS7»  1817. 
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were  constructed  .after  the  fashion  represented  in  Fig.   156.     Each 

was  provided  with  a  large  bulb  E  and  a  wide  stem  CD  joined  together 

by  a  tube  DE  of  capillary  bore,  which 

prevented    convection    currents    passing 

between  the  liquid  in  the  bulb  and  that 

in  the  stem.     In  making  an  experiment 

the  bulb  alone  was  heated,   while  the 

stem  was  screened,  so  as  to  be  always  as 

nearly  as  possible  at  the  temperatui'e  of 

the  air,  and  on  account  of  the  width  of 

the  upper  portion  of  the  stem,  the  bulb, 

even  though  large,  could  be  heated  if 

necessary  almost  to  the  boiling  point  of 

mercury.     During  the  process  of  cooling, 

the  cold  mercury  from  the  stem  enters 

the  bulb  and  lowers  the  temperature  of 

the  mass  within  the  bulb,  so  that  the 

apparent  velocity  of  cooling  is  rendered 

too   high.     Hence  all  observations   had 

to  be    corrected   for  this   inequality   of 

temperature. 

The  main  object  of  the  inquiry  was 
to  determine  the  velocity  of  cooling  of  any  body  under  given  con- 
ditions as  a  function  of  the  temperature.  Thus,  if  the  rate  of  cooling 
be  expressed  by  the  equation 

(1) 


Fig.  1S6. 


2=^") 


the  object  is  to  determine  the  form  of  the  function/,  the  temperature 
of  the  enclosure  being  given.  From  an  experimental  point  of  view, 
however,  it  is  easier  to  express  the  temperature  of  the  body  at  any 
time  as  a  function  of  the  time.     Thus,  if  we  have 

e=<t>{t) (2) 

then  by  differentiating  (2)  and  comparing  with  (1),  we  see  that 

Ae)=-<t>\t), 

or  the  velocity  of  cooling  is  the  first  derived  of  the  function  </>. 

In  order  to  determine  this  function  Dulong  and  Petit,  having 
heated  the  thermometer,  placed  it  under  the  conditions  in  which  its 
cooling  was  to  be  studied,  and  they  observed  its  temperatures 

^oj  ^i»  ^'i)  ^a>     •     •     •     ^M> 

at  the  tifbes 

"j  ^ii  '21  '3    •    •    •    ^«* 

From  these  observations  they  concluded  that  the  temperature  at  any 
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time  could  not  be  found  by  the  simple  formula  of  Newton,  but  br 
the  more  general  expression 

where  6  is  the  excess  of  the  temi)erature  of  the  thermometer  over  that 
of  the  enclosure  at  the  time  /,  6^  the  excess  at  the  beginning  of  tbe 
experiment,  /  =  0,  and  a,  a,  (3  are  constants  which  can  be  determined 
by  a  knowledge  of  any  three  values  of  6  at  the  corresponding  times. 
Differentiating  (3)  we  have 

~  =  e{a  +  2^t)\of^a       .         .  .  .         .11) 

and  by  eliminating  t  between  (3)  and  j(4)  the  velocity  of  cooh'Dg  is 
determined  as  a  function  of  the  temperature  excess  0. 

In  order  to  diminish  the  time  of  observation  in  this  investigation 
two  thermometers  were  used.  The  larger,  having  a  bulb  of  6  cm. 
diameter,  was  used  at  high  temperatures,  and  the  smaller,  with  a  bulb 
of  2  cm.  diameter,  was  employed  for  the  lower  temperatures,  the  obser- 
vations with  the  smaller  being  commenced  at  a  temperature  somewhat 
above  that  at  which  those  with  the  larger  were  stopped. 

262.  Preliminary  Experiments. — The  various  circumstances 
which  may  influence  the  rate  of  cooling  of  a  thermometer  placed  in  a 
vacuum  arc,  the  form  and  extent  of  the  surface  of  the  bulb  as  well  as 
its  nature  or  coefficient  of  emission,  the  total  mass  and  nature  of  the 
liquid  enclosed  in  the  bulb,  and  finally  the  temperature  0^  of  the 
enclosure,  as  well  as  the  excess  fi  -  &^^  of  the  thermometer.  If, 
however,  the  thermometer  be  suspended  in  a  gas,  the  rate  of  cooling 
will  be  influenced  by  the  conduction  and  convection  of  the  gas.  In 
this  case,  then,  the  whole  velocity  of  cooling  will  be  the  sum  of  two 
functions,  one  of  which  determines  the  cooling  by  radiation  to  the 
walls  of  the  enclosure,  and  the  other  the  cooling  action  of  the  gas. 
The  latter  will  be  influenced  by  all  the  circumstances  mentioned 
above,  and  in  addition  by  the  nature  and  pressure  of  the  gas.  Besides  . 
this,  the  rate  of  cooling  will  depend  on  the  magnitude  and  shape  of  the 
enclosure,  as  well  as  ujxjn  the  nature  of  its  walls,  and  the  rate  of  cool- 
ing for  one  species  of  radiation  may,  in  a  given  enclosure,  be  very 
different  from  that  for  another.  These  considerations  have  not,  how- 
ever, been  investigated  by  Dulong  and  Petit. 

Writing  the  totiU  velocity  of  cooling  in  the  form 

V=/(M,  N,  S,  E,  ^0,  <^-  ^o)  +  0(M,  X,  S,  E,  6^  $-6^  p,  (J), 

where  M  and  X  refer  to  the  mass  and  nature  of  the  liquid  respectively. 
S  the  area  of  the  surface  of  the  bulb,  an<l  E  its  coefficient  of  emission, 
0^  the  temi)erature  of  the  enclosure,  and  0  that  of  the  thermometer, 
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p  the  pressure,  and  6  the  nature  of  the  gas,  Dulong  and  Petit  pro- 
ceeded by  some  preliminary  experiments  in  air  to  test  how  far  the  rate 
of  cooling  was  influenced  by  the  mass  M  and  nature  N  of  the  liquid, 
and  by  the  surface  S  of  the  bulb.  Taking  three  thermometers  with 
bulbs  2,  4,  7  cm.  respectively  in  diameter,  and  consequently  differing 
in  mass  M  and  surface  area  S,  their  cooling  iii  air  at  6^  was  noted,  and 
their  velocities  of  cooling,  V^,  \^  Vg,  were  calculated  by  the  formula 
of  the  preceding  article. 

It  will  be  seen  from  the  following  table  that  these  velocities 
diminish  as  the  mass  increases,  but  that  their  ratios  remain  the  same 
whatever  be  the  excess  of  temperature.  This  proves  that  the  velocities 
of  cooling  of  the  different  thermometers  may  all  be  expressed  by  some 
function  of  M  and  S,  multiplied  by  a  function  of  the  other  variables, 
which  is  the  same  for  all  the  thermometers. 


Influence  of  M  and  S 


100 

Vi. 
18-92 

8-97 

Vs. 
5-00 

ViAV 
2-11 

Vi/V,. 

3-78 

80 

14-00 

6-60 

3-67 

2-12 

3-81 

60 

9-58 

4-56 

2-52 

2-10 

8-80 

40 

5-93 

2-80 

1-56 

2-12 

3-80 

20 

2-75 

1-30 

0-73 

2-11 

3-77 

In  exactly  the  same  manner  Dulong  and  Petit  studied  the  influence 
of  the  nature  of  the  liquid  and  of  the  form  of  the  containing  vessel. 
To  find  the  effect  of  the  form  of  the  vessel  it  was  necessary  to  employ 
bulbs  of  different  shapes — one  spherical  and  the  other  cylindrical, 
made  of  the  same  material,  and  filled  with  the  same  liquid,  were  used. 
To  determine  the  effect  of  the  nature  of  the  liquid  it  was  necessary  to 
observe  the  cooling  of  the  same  bulb  filled  with  different  liquids 
(mercury,  alcohol,  and  water  were  used).  Dulong  and  Petit  then 
calculated  the  rates  of  cooling  for  equal  excesses  of  temperature,  and 
found  that  these  bear  constant  ratios  to  each  other,  as  indicated  in  the 
following  table : — 

Influence  of  the  Nature  of  the  Liquid 


1 

Excess, 

1 

Mercury, 
V,. 

Water, 
V._.. 

V2/V1. 

60 

3-03 

1-39 

0-4o8 

50 

2-47 

1-13 

0-452 

40 

1-89 

0-85 

0-450 

30 

1-36 

0-62 

0-456 
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Similar  tables  are  given  in  which  mercury  is  compared  with 
alcohol  and  with  sulphuric  acid,  and  these  lead  to  the  same  conclusion. 
These  experiments  show  that  the  total  rate  of  cooling  may  be  expressed 
as  the  siun  of  two  functions,  one  a  function  of  F^  6,  0  —  6^^  and  the 
other  a  function  of  these  quantities,  as  well  as  of  p  and  6,  both  of 
these  functions  being  also  multiplied  by  the  same  quantity  A,  which  is 
itself  a  function  of  the  mass  and  nature  of  the  liquid,  and  of  the 
surface  S  of  the  bulb.  The  expression  for  the  rate  of  cooling  thus 
becomes  simplified  into  the  following  form  : — 

v=AAE,  ^0,  e  -  e^)  +  A</>{E,  $0,  e-e^p,  G). 

The  remaining  variables  do  not  submit  to  the  same  simplificatioo. 
Thus  if  the  quantity  E,  which  depends  on  the  nature  of  the  surface  of 
the  bulb,  be  made  to  vary  (if,  for  example,  two  bulbs  be  investigated, 
one  of  glass  and  the  other  of  some  metal),  then  it  is  found  that  when 
both  are  filled  with  the  same  liquid  the  rates  of  cooling  do  not  bear 
a  constant  ratio  for  the  same  excess  of  temperature.  From  this  we 
conclude  that  it  is  no  longer  sufficient  to  multiply  the  two  functions/ 
and  </)  by  the  samr  factor  to  express  the  influence  of  a  change  in  the 
nature  of  the  surface.  Analogous  results  were  found  for  the  other 
variables. 

Influence  of  the  Nature  of  the  Surface 


KxoHss, 

Glass, 

e  -  $0. 

Vi. 

(50 

1  •:»> 

.'.0 

1-l.s 

40 

0-8.'. 

30 

0-02 

20 

0-37 

Tin  Plat»', 
V... 


0-90 
0-73 
0-.'.4 
0-38 
0-21 


Vi.To. 


1  TA 
1  -55 
1-57 
1-6:3 
1-76 


These  preliminary  investigations  terminiite  with  a  table  exhibiting 
the  rate  of  cooling  of  water  in  three  difterently-shaped  bulbs  of  block- 
tin.  The  first  was  sj)herical,  the  second  a  cylinder  of  diameter  equal 
to  half  its  height,  and  the  third  a  cylinder  of  height  equal  to  half  ii> 
diameter. 

263.  Experiments  in  a  Vacuum  —  Determination  of  the 
Function  /. — In  the  general  expression  for  the  rate  of  cooling  the 
function  </>  expresses  the  cooling  effect  of  the  gas  within  the  enclosun?. 
and  consequently  if  the  enclosure  be  exhausted  so  that  the  thermometer 
cools  in  a  vacuum,  the  function  eft  disappears  from  the  expression  for 
V,  and  we  have  simply 

v=a/t:e,  $0,  0-e,x 
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The  observations  under  these  conditions  will  therefore  lead  to  the 
determination  of  the  function/.     It  must  be  remembered,  however, 
that  we  know  nothing  as  yet  of  the  properties  of  any  space  totally 
devoid  of  matter,  all  that  has  ever  been 
obtained  is  a  partial  vacuum. 

The  apparatus  employed  in  these  ex- 
periments consisted  of  a  large  copper  globe 
(Fig.  157)  about  30  cm.  in  diameter,  and 
blackened  on  the  inside.  This  globe  formed 
the  cooling  chamber  or  enclosure  in  which 
the  cooling  of  the  thermometer  was  ob- 
served. It  was  immersed  in  a  large  water 
bath  which  could  be  kept  at  any  desired 
temperature  6q  by  means  of  a  regulated 
current  of  steam.  The  dimensions  of  the 
thermometer  were  previously  calculated,  so 
that  observations  on  its  cooling  could  be 
commenced  at  about  300°  C.  The  ther- 
mometer, when  heated  to  about  350,  was 
placed  with  its  bulb  at  the  centre  of  the 
enclosure,  which  was  then  rapidly  ex- 
hausted, and  the  rate  of  cooling  noted. 
A  small  correction  was  still  necessary  for 
the  cooling  effect  of  the  residue  of  air  left 
in  the  cooling  chamber,  the  exhaustion 
being  seldom  pushed  beyond  3  or  4  mm. 
The  following  table  contains  the  results  of 

the  experiments,  when  the  chamber  was  kept  at  temperatures  0°,  20°, 
40°,  60°,  80°  respectively  :— 


Fig.  157. 


Velocity  of  Cooling  in  a  Vacuum 


Excess  of 
Temperatare, 

Vi. 

«o=0. 

V2, 
«0  =  20. 

Vs. 

00  =  40. 

V4. 

»0  =  60. 

1 
tfo=80. 

•c. 

■ 

240 

10-69 

12-40 

14-85 

•  •  • 

•  •  • 

220             1 

8-81 

10-41 

11-98 

... 

•  »  • 

200 

7-40 

8-58 

10-01 

11-64 

13-45 

180 

6-10 

7-40 

8-20 

9-55 

11-05 

160 

4-89 

5-67 

6-61 

7-68 

8-95 

140 

3-88 

4-57 

5-32 

6-14 

7-19 

120 

3-02 

3-56 

4-15 

4-84 

5-64 

100 

2-30 

i        2-74 

3-16 

3-68 

4-29 

80 

1-74 

1-99 

2-30 

1        2-73 

3-18 

60 

1-40 

1-62 

1-88 

2-17 

1 
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If  the  quantities  Y^,  V2,  etc.,  at  the  different  temperatures  of  tk 
enclosure  walls  be  compared,  it  will  be  found  that  the  ratios  Yj'^fp 
Vj/Vg,  etc.,  are  approximately  the  same  (1'16)  for  all  values  of  tlie 
excess. 

Hence,  if  we  consider  the  influence  of  the  temperature  $q  of  Uk 
chamber,  we  see  that  the  rates  of  cooling  for  the  same  excess  $-9^ 
with  different  values  of  6q,  viz.  O'',  20*^,  40°,  60°,  increasing  in  arith- 
metical progression,  are  such  that  the  ratios  V^/V,  Vg/V^  Vj/Tj,  are 
equal  to  each  other,  and  we  consequently  conclude  that^  for  die  flame 
excess  of  temperature,  if  the  temperature  of  the  chamber  be  increased  in  <» 
arithmetical  progremon,  the  velocity  of  cooling  will  increase  in  a  geomdrkd 
progression. 

It  follows,  therefore,  that  the  velocity  of  cooling  for  a  given  exew 
can  be  represented  in  the  form 

V  =  Aa^, 

where  A  is  a  function  of  the  excess  6  -  6q,  Denoting  this  excess  by  f, 
for  brevity,  we  have 

In  order  to  determine  the  constant  a  it  is  only  necessary  to  obeene 
two  rates  of  cooling,  V„  and  ^n+i,  corresponding  to  the  same  excess^ 
Avith  different  values  of  6^^.     In  the  above  table  we  have  for  ^^  and 

''■-'' =  V„..i/V„  =  1-16. 
Therefore 

,/  =  :l-]6};'rt  =  1-0075. 

Now  by  the  thcorv  of  exchanges  the  velocity  of  cooling  must  be 
of  the  form 

or 

Hence  by  the  above  experiments  we  have,  using  equation  (1) 

From  tliis  we  ol)tain,  by  writing  0^^  =  0  while  the  excess  1/  remains 
the  same. 

Therefore,  by  subtracting  (.*^)  from  (2),  we  have 

Interchanging  //  and  ^„  tlie  left-hand  side  of  this  equation  remains 
unaltered.  Tlierefore  tlie  right-hand  member  must  also  remain  un- 
altered in  value  when  tj  and  ^,^  are  interchanged,  or 
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That  is 


xf^h) 


a»i  - 1    a^-l 
or 

^(i7)=Ar(a'»-l), 

wliere  k  is  the  above  function  of  $q. 

The  general  expression  for  the  velocity  of  cooling  becomes  therefore 

If  in  the  foregoing  table  the  observed  values  of  V  be  compared 
with  their  corresponding  values  calculated  by  this  formula,  the  close 
agreement  exhibited  will  show  that  the  equation  is  capable  of  repre- 
senting the  facts  with  considerable  accuracy.  On  the  whole,  however, 
it  cannot  be  regarded  as  having  any  sound  theoretical  basis,  but 
must  be  looked  upon  merely  as  an  empirical  formula  of  wider  range 
than  Newton's.  Its  simplicity  might  lead  us  to  fancy  that  it  could  be 
obtained  theoretically,  but  until  we  possess  more  information  about 
the  mechanism  of  emission  we  have  no  ground  on  which  to  base  a 
theory. 

To  terminate  their  vacuum  experiments,  Dulong  and  Petit  observed 
the  effect  of  varying  the  surface  of  the  thermometer  bulb.  They 
found  that  the  rate  of  cooling  when  the  surface  was  naked  differed 
from  that  when  it  was  coated  with  silver-foil  or  any  other  substance. 
The  quantity  a  was  found,  however,  to  remain  unaltered,  so  that  it 
does  not  depend  on  the  surface  emissivity,  or  on  the  mass  or  nature 
of  the  liquid,  and  the  coefficient  k  alone  was  found  to  vary  with  the 
nature  of  the  surface. 

264.  Experiments  in  a  Closed  Chamber  containing  a  Gas. — A 
series  of  experiments  on  the  cooling  of  a  thermometer  in  a  vacuum 
having  been  completed,  a  further  series  on  the  cooling  of  the  same 
thermometer  in  the  same  chamber  when  occupied  by  a  gas  will  furnish 
the  data  necessary  to  the  calculation  of  the  cooling  influence  of  the 
gas.  In  this  case  we  have  already  written  the  general  expression  for 
the  velocity  of  cooling  in  the  form 

V  =  A/(E,  00,  e-0o)  +  Ait>{E,  00,  0-0^p,  G), 

and  since  the  first  term  of  the  left-hand  member  of  this  equation 
represents  the  cooling  in  a  vacuum,  it  may  be  replaced  by  the  quantity 
k(a^  -  a^),  and  if  the  velocity  V  be  observed  we  have  then  for  <^ 

The  first  point  investigated  by  Dulong  and  Petit  ^  was  the  influence 
of  the  nature  of  the  surface  of  the  bulb  on  the  cooling  function  </>  of 

*  Ann.  de  Chimie  et  dc  Phijs.,  2*,  torn.  vii.  p.  337,  1817. 
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the  gas.  Having  determined  the  rate  of  cooling  in  a  \'acuuiii  wbes 
the  bulb  was  naked,  and  also  when  it  was  silvered,  they  repeated  tke 
same  ex})eriments  in  air  and  other  gases,  and  the  results  showed  thit 
the  cooling  power  of  the  gas  did  not  depend  on  the  nature  of  the 
surface ;  or,  in  other  words,  the  coefticieut  £  of  the  surface  does  not 
enter  into  the  function  <^.     This  is  shown  by  the  following  table  :— 

Influkxce  of  the  Nature  of  the  Surface 


ExiVHs  of  T»MiiiM*nitiin», 

PiffHn'iice 

ofV 

I'locititM  of  Cooling 

»-Bo. 

in  Vacuum  aii« 
Bulb  iiak«Hl. 

lin. 

K\r  at  20'  and  720  mm. 

■       « 

Bulb  Ai1\-«>re<l. 

200 

r»-48 

5 -43 

180 

4 -7.'. 

4-79 

1«0 

417 

419 

140 

li'ol 

3':*2 

120 

2-90 

2-88 

100 

2-27 

2-82 

1 

Thus  the  cooling  effect  of  the  gas  appears  to  be  absolutely  inde- 
pendent of  the  emissivity  of  the  surface.  This  result  app>ear8  to  hare 
been  first  remarked  in  a  general  way  by  Sir  J.  Leslie,  and  is  a  fact  of 
great  importance  in  the  study  of  the  conductivity  of  gases. 

The  influence  of  the  temperature  ^^  of  the  enclosure  on  the  cool- 
ing power  of  the  gas  was  next  examined.  The  pressure  being  kept 
constantly  at  720  mm.,  tlie  temperature  of  the  enclosure  was  l>roiight 
successively  to  2()  ,  40  ,  GO  ,  80  ,  with  the  result  that  the  cooling  effect 
of  the  air  for  a  given  excess  wa.s  found  to  be  the  same  for  all  N-alues  of 
0^^.     This  is  exhibited  in  tlie  following  table  : — 

lNFLrKX(;K   OF   THE    TEMPKHATrRE   OF   THE    EN<,X0SURE 

C:«H)liii>:  KtJi'ot  of  Air  at  720  mm. 


Kxcj'ss. 

f*  -  <♦.,. 

(<„--•.*". 

$„-A^|  . 

1  — 

*o  =  so 

•JOO 

r.*4s 

r.-4»; 

« •  • 

•  >  • 

I.SO 

4-7:. 

4-70 

4-79 

•  •  • 

l»5n 

417 

4-ir> 

4-20          ' 

413 

140 

:v:.i 

3  of.          1 

3-49 

120 

•J-IM) 

2-<>:i 

2-94 

2-88 

100 

i>-li7 

2 -is 

2-24 

2 -20 

SO 

1-77 

1  '7:\ 

1-71 

1-78 

()0 

1  -23 

119 

1-18 

1-20 

As  a   result   of  these   experiments,    it   appears   that   the  cooling 
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unction  <f>  depends  only  on  the  excess  of  temperature  6-  0^  =  7), 
.nd  in  a  manner  yet  to  be  determined  on  the  pressure  p  and  nature  G 
►f  the  gas,  so  that  it  may  now  be  written  in  the  form  <f>{rf,  p,  G).  In 
»rder  to  determine  the  influence  of  variations  of  pressure,  Dulong  and 
i^etit  experimented  in  air  at  a  series  of  pressures,  720,  360,  180,  90 
nm.,  decreasing  in  a  geometrical  progression.  The  results  of  these 
xperiments  are  contained  in  the  following  table,  and  they  show  that 
or  any  given  excess  the  cooling  effect  of  a  given  gas  increases  in  a 
;eometrical  progression  of  ratio  1*366  when  the  pressure  increases  in 
geometrical  progression  of  ratio  2  : — 

Influence  of  the  Pressure  of  the  Gas 


Excetui, 

1 

Cooling  Power  of  Air. 

9-00. 

»  =  720. 

•-1. 

»2 

W2i                    "^ 
J>=3tJ0.             ^' 

P=1S0. 

•"4 

*'4. 
p=iK). 

o 

200 

5*48 

1-37 

1 

1      4-01      ,      1-36           2-95 

1-34 

2-20 

180 

4-75 

1-35 

3-52            1-35            2-61 

1-37 

1-90 

160 

4-17 

1-37 

'      303           1-37           2-21 

1-36 

1-62 

140 

3-51 

1-34 

2-62           1-37            1-91 

1-36 

1-40 

120 

2-90 

1-37 

1      2-12           1-35           1-57 

1-37 

1-15 

100 

2*27 

1-34 

;      1-69           1-37           1-23 

1-36 

U-90 

80 

1-77 

1-37 

,      1-29           1-34           0*96 

1-37 

0-70 

60 

1-23 

1-36 

0-90           1-37      i      0-65 

! 

1-35 

0-48 

It  thus  appears  that  when  the  pressure  p  is  related  to  the  pressure 

'  by  the  equation 

p  =  2«p' (1) 

!'he  corresponding  cooling  powers  oT  and  trr'  of  the  air  are  related  by 
he  equation 

cj  =  (1-366}"©' (2) 

Vom  (1)  and  (2)  it  follows  at  once  that 

log(cT/cT')^log(r366)^Q.^g 
loe  (»/?/)  loff  2 


nd  therefore 


CJ 


TS 


0  45      „'0-46' 


r  denoting  the  value  of  this  ratio  by  /x,  we  have  for  the  general  rela- 
ion  between  the  cooling  power  of  air  and  the  pressure 


t;t  =  m/"»^. 


lie  equation  connecting  the  cooling  power  and  pressure  of  any  gas 
lay  therefore  be  written  in  the  form 


m  =  fx2f, 
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where  fi  is  a  function  of  the  excess  of  temperature  and  of  the  natiire 
of  the  gas.  The  index  c  is  different  for  the  different  gaaes  emininad 
by  Dulong  and  Petit,  as  follows : — 

Air      ....         c  =  0'45  Hydrogen     .         .  ,         c=(W 

Carbonic  acid  (r= 0*517  Olefiautgas.  .         c=0*501 

The  influence  of  the  excess  of  temperature  still  remains  to  be 
examined.  For  this  purpose  the  foregoing  table  suffices.  From  t 
comparison  of  the  cooling  powers  corresponding  to  different  values  of 
the  excess  6  -  6^,  but  the  same  value  of  j?,  it  appears  that  as  the  excea 
increases  in  a  geometrical  progression  of  ratio  2,  the  cooling  power 
increases  in  a  geometrical  progression  of  ratio  2*33,  and  hence,  if 

we  have  for  a  constant  pressure 

cT  =  (2*3:3rcj'. 
Therefore 

lo^r  (cr/cr')  _  log  (2-33)  _ 
log  (W)'"     log  2     '''^^' 

and  consequently 


ra  T3 


_l-233        '1-233* 
'7  '7 

Denoting  the  common  value  of  each  of  these  ratios  by  m^  we  have 
for  the  relation  between  the  cooling  power  of  air  and  the  excess  of 

temj)erature  ?;  the  equation 

The  experiments  further  prove  that  while  the  coefficient  in  is  difFerent 
for  difterent  gases,  the  index  1*233  remains  the  same  for  all,  so  that 
the  complete  expres.sion  for  the  cooling  power  of  any  gas  may  be 
written  in  the  form 

and  hence  the  whole  velocity  of  cooling  in  a  gas  is  determined  by  the 
equation 

Such  is  the  general  expression  to  which  the  experiments  of  Dulong 
and  Petit  have  led.  The  first  term  relates  to  the  radiation  alofte, 
while  the  second  deals  with  the  cooling  effect  of  the  ambient  gas. 
The  whole,  however,  must  be  regarded  simply  as  an  empirical  formula 
founded  on  one  of  the  most  elaborate  series  of  experiments  ever 
conducted. 

265.  Experiments  of  De  la  Provostaye  and  Desains. — The  range 
of  applicability  of  the  formula  of  Dulong  and  Petit  has  been  made 
the  sulgect  of  a  ciireful  investigation  by  MM.  De  la  Provostaye  and 
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Desains.^  The  result  of  the  new  researches  proved  that  the  formula 
could  be  applied  only  within  a  limited  range,  like  all  other  empirical 
formulae,  in  the  neighbourhood  of  the  experiments  from  which  the 
various  constants  happened  to  be  determined.  Thus  the  quantity  k 
was  found  to  be  only  approximately  constant.  Its  value  varied  little 
with  a  naked-bulbed  thermometer,  but  with  a  silvered  bulb  it  changed 
from  00087  at  150°  C.  to  0*0109  at  63°  C.  The  constant  m  was 
also  found  to  depend  to  some  extent  on  the  emissivity  E,  being 
greater  for  a  metallic  surface  than  for  the  naked  glass.  But  perhaps 
the  most  important  result  of  the  investigation  was  that  the  cooling 
power  T3  of  the  gas  was  found  not  to  be  proportional  to  a  power  of  the 
pressure  (^)  when  the  pressure  was  feeble.  The  experiments  appear  to 
show  that  as  the  pressure  diminished  from  760  mm.,  the  value  of  xs 
decreased  at  first,  and  then  remained  constant  from  a  value  ^^  to  a 
value  P2  of  the  pressure, 'after  which  it  augmented  with  reduction  of 
pressure.  These  limiting  pressures  p^  and  p^  were  further  found  to 
be  more  elevated  and  more  widely  separated  the  smaller  the  dimen- 
sions of  the  enclosure,  as  shown  by  the  following  table : — 


Enclosure. 

;>i- 

Sphere,  24  cm.  diameter 

,,       15  cm.         ,,             ... 
Cylinder  15  c.  high  and  6  c.  diameter  . 

mm. 
4 

20 

70 

ft- 


mm. 
2-8 

4 

15 


This  behaviour  is  to  be  attributed  to  the  effect  of  the  diminution  of 
pressure  and  of  the  smallness  of  the  chamber  on  the  convection 
currents.  Under  these  circumstances  the  cooling  effect  due  to  con- 
vection will  be  almost  entirely  eliminated,  and  the  cooling  due  to  the 
gas  takes  place  entirely  by  molecular  convection. 


Emissivity  in  Absolute  Measure 

266.  M'Farlane's  Experiments. — The  first  trustworthy  experi- 
metlts,  yielding  emissivities  in  absolute  measure,  were  those  made  by 
Dr.  Donald  M*Farlane^  in  Glasgow,  under  the  direction  of  Lord 
Kelvin.  The  method  adopted  consisted  in  observing  the  cooling  of  a 
copper  sphere  about  4  cm.  in  diameter.  This  sphere  was  suspended 
inside  a  double-walled  tin-plate  vessel,  which  had  its  interior  coated 
with  lamp-black  and  the  space  between  its  walls  filled  with  water  at 

*  F.  De  la  Provostaye  et  P.  Desains,  Ann,  de  Ch.  et  de  Phys,,  3®,  t.  xvi.  p.  337,  1846. 
•  D.  M'Farlane,  Proc.  Roy,  Soc.,  vol.  xx.  p.  90,  1871. 
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the  temperature  of  the  atmosphere.  Its  temperature  was  taken  bf 
means  of  a  thermo-electric  couple,  one  junction  of  which  was  sitoated 
at  the  centre  of  the  sphere,  and  the  other  junction  was  in  metiUk 
contact  with  the  outside  of  the  tin-plate  vessel,  the  circuit  bdi^ 
completed  through  the  coil  of  a  sensitive  mirror  galvanometer.  Out 
junction  was  thus  kept  at  a  constant  temperature  of  about  14°  C, 
while  the  other  had  the  gradually- diminishing  temperature  of  the 
centre  of  the  si>here. 

In  making  an  experiment  the  copper  ball  was  heated  in  the  fluM 
of  a  spiiit-lamp  till  its  temperature  was  considerably  above  that 
required  to  throw  the  spot  of  light  off  the  galvanometer  scale.  It  wu 
then  placed  in  position  within  the  tin-plate  water  jacket^  and  as  sooo 
as  the  spot  of  light  came  within  range,  the  deflections  from  the  lero 
position  were  noted  at  intervals  of  one  minute  until  the  change  of 
deflection  was  reduced  to  about  two  scale  divisions  per  minute. 

Two  series  of  experiments  were  made  in  this  way.  In  the  first  the 
surface  of  the  ball  was  bright,  and  in  the  second  it  was  coated  with  t 
thin  covering  of  soot  from  a  lamp  flame,  and  in  both  the  air  was  kept 
inoist  by  a  saucer  of  water  placed  inside  the  enclosure 

The  following  table  gives  the  results  for  every  fifth  degree  within 
the  limits  of  the  experiments : — ^ 


Heat  emitted 

I>er  Sfcoiid,  per  De^'ive  Difference  of  Temperature, 

J  XT  St 

luan' 

Centimetre  in  W  ater-grainme  Unitj*. 

DififHrt*nce  of  Teiiii)**nilure. 

Polislied  Sm 

•face. 

Blackened  Surface. 

Ratio. 

5 

•000178 

•000252 

•707 

10 

186 

266 

•699 

ir> 

193 

279 

•692 

liO 

201 

289 

•695 

25 

•207 

298 

•694 

;30 

212 

306 

•693 

.{5 

217 

313 

•693 

40 

220 

319 

•698 

4') 

223 

3-23 

•690 

r»i> 

225 

326 

•690 

r>'> 

22») 

328 

•690 

00 

22(5 

328 

•690 

The    heat    emitted    per    second    was    calculated    by    the    formula 
{^^  (t  +  ho  }-  cd'y  where  0  is  the  difference  of  temperature. 

The  couple  was  standardised  by  tying  its  ends  to  the  bulbs  of  two 

■ 

•  Professor  Tait  has  jaiblislioil  results  ubtaiiioci  by  Mr.  J.  P.  Nicol  on  the  loss  of 
heat  from  polislieil  and  blarkeiied  copper  at  three  different  pressures  —  760,  102, 
!•»  nun.  of  nn.Mciiry  i Prin\  lioij.  Snr.^  Edinb.,  1869-70),  and  the  results  of  these 
experiments  agree  witli  tliose  given  in  this  table  as  closely  as  might  be  expected. 
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previously  compared  thermometers,  placed  in  two  vessels  of  water,  one 
at  the  temperature  of  the  air  and  the  other  heated  by  small  additions 
of  hot  water. 

267.  Bottomley's  Experiments. — More  recently  the  same  subject 
has  been  attacked  by  Dr.  J.  T.  Bottomley.^  In  this  investigation  the 
radiating  body  was  a  platiniun  wire  stretched  inside  a  long  copper 
tube  which  was  blackened  on  the  inside  and  kept  cool  by  a  water 
jacket.  The  wire  was  heated  by  an  electric  ciurent,  and  its  surface 
might  be  bright  and  polished  or  might  be  coated  with  lamp-black, 
platinum-black,  oxide  of  copper,  or  some  other  material. 

Two  methods  of  estimating  the  electric  energy  were  employed. 
One  consisted  in  measuring  the  current  and  the  difference  of  potential 
between  two  chosen  points  on  the  radiating  wire ;  the  other  consisted 
in  measuring  the  current  and  determining  simultaneously  the  resist- 
ance of  the  wire  by  means  of  a  specially-designed  Wheatstone's  bridge. 
The  resistance  when  known  gives  the  temperature  of  the  wire.  The 
energy  supplied  to  the  wire  by  the  electric  current  is  lost  through 
radiation  and  by  conduction  at  its  ends,  but  the  latter  source  of  loss 
is  negligible,  and  when  the  dimensions  of  the  wire  are  known  the  area 
of  its  surface  is  known,  and  the  rate  cS  loss  of  heat  per  unit  area 
becomes  determined  at  any  temperature. 

In  order  to  obtain  data  for  the  elimination  of  the  cooling  effect  of 
the  air,  the  copper  tube  was  connected  with  a  five-fall  Sprengel  pump, 
so  that  the  air  pressure  could  be  reduced,  and  in  the  extreme  vacuum 
it  was  measured  by  a  M*Leod's  gauge. 

A  long  and  very  complete  series  of  determinations  was  made  in 
this  manner  at  various  constant  pressures  and  at  different  gradually 
increasing  temperatures.  Several  series  of  observations  were  also 
taken  at  constant  temperature  while  the  pressure  was  gradually 
diminished.  This  mode  of  procedure  proved  by  far  the  most  ap- 
propriate to  the  purpose  in  hand,  and  required  the  use  of  a  special 
current-meter.  On  reducing  the  pressure  it  was  found  that  a  point 
was  reached  at  which  further  exhaustion  did  not  affect  the  emission. 
In  this  way  a  condition  seems  to  be  gradually  reached  in  which  the 
radiation  is  independent  of  everything  removable  by  a  Sprengel  pump. 

The  temperature  of  the  envelope  being  15°  C,  the  value  of  the 
emission  per  square  centimetre  of  a  bright  platinum  wire  was  in 
water-gramme-centigrade  units — 

At  408"  C 378-8  xlO--*. 

,,  505'C 726-1  X  10-*. 


*  J.  T.  Bottomley,  Phil.  Trans.,  1887,  p.  429. 
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Dr.  Bottomley  considers  that  these  experiments  do  not  support  tk 
fourth  power  law  of  Stefan  (Art.  283)  and  that  a  similar  series  d 
experiments  by  Schleiermaeher  ^  contradicts  this  law  in  the  same 
manner. 
Evans's  ex-  Some  interesting  results  obtained  by  Mr.  Evans  '  as  to  the  ena^ 
penments.  necessary  to  maintain  a  given  candle-power  in  an  incandescent  lamp 
were  confirmed  during  this  investigation.  The  object  of  Evans's 
experiments  was  to  compare  the  radiation  of  the  carbon  filaments  of 
incandescent  lamps  having  a  bright  polished  surface  with  that  from 
those  having  a  dull  surface  like  lamp-black,  and  he  was  led  to  an 
important  practical  conclusion  as  to  the  superior  light-giving  efficieocj 
of  the  bright-looking  filaments.  If  it  be  allowed  that  the  temperature 
of  a  carbon  filament  can  be  measured  by  its  resistance  (this  diminiBhing 
as  the  temperature  increases),  it  follows  from  Evans's  results  that  the 
temperature  to  which  a  filament  must  be  raised,  in  order  that  it  may 
furnish  light  of  a  definite  candle-power,  is  higher  when  the  surface  is 
dull  than  when  it  is  in  the  brilliant  metallic -looking  state.  Tliis 
result  was  so  unexpected  that  Bottomley  put  it  to  the  test  of  direet 
experiment  The  result  confirmed  the  conclusions  derived  from  the 
exp>eriments  of  Evans,  and  showed  that  the  temperature  which  pro- 
duces red-heat  (for  example)  is  very  much  higher  when  the  surface 
of  the  heated  body  is  dull  than  when  it  is  bright  and  polished.  Thus 
in  the  c^se  of  two  platinum  wires  contained  in  vacuum  tubes,  one  wire 
being  bright  and  the  other  dulled  with  a  thin  film  of  smoke,  when  at 
the  same  dull  red-heat  the  glass  tube  which  contained  the  bright  wire 
was  not  unpleasantly  warm  to  the  hand,  while  that  containing  the 
other  wire  was  hot  enough  to  blister  the  skin.  The  ratio  of  the 
resistances  of  the  wires  in  this  state  was  as  130:93,  so  that  their 
difference  of  temperature  must  have  been  considerable.^ 

^  Schleiermatlier,  H'ofL  Juii.,  vol.  xxvi.  ji.  287,  1885.  [Stefan's  law  is  only  true 
for  the  radiation  within  a  closed  space  at  uniform  temperature.  These  coudition* 
are  not  here  fulfilled.] 

-  M.  Evans,  /Vf>t*.  Jloj/.  .V«w;.,  vol.  xl.  p.  207,  1886. 

-'  Sir  W.  Crookes  {PnK'.  Ron.  Soc,  vol.  xxi.  j).  239,  1881)  has  given  a  valuable 
(•omi)arative  determination  of  the  loss  of  heat  from  the  same  surface  (the  bnlbof  4 
mercury-in-glass  thermometer)  at  different  pressures,  varying  from  one  atmosphere 
down  to  two-millionths  of  an  atmosphere. 
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268.  Melloni's  Experiments. — Substances  like  glass  which  transmit 
ght  are  said  to  be  transparent,  and  in  a  similar  manner  those 
rhich  permit  radiant  heat  to  pass  through  them  are  said  to  be  dia- 
bermanous.  At  first  sight  it  might  be  surmised  that  those  bodies 
rhich  most  freely  transmit  light  also  most  copiously  transmit  the  non- 
iiminous  rays,  such  as  the  radiation  from  hot- water  pipes,  and  that 
ubstances  which  are  opaque  to  light  are  also  opaque  to  radiant  heat ; 
mt  a  little  consideration  will  prepare  any  one  possessing  a  knowledge 
I  the  fundamental  principles  of  the  wave  theory  to  expect  that ' 
liiferent  substances  may  behave  very  differently  in  their  transmission 
►f  non-luminous  radiation.  The  marked  difference  of  behaviour  in 
he  transmission  of  light  is  detected  at  once  by  the  eye,  and  may  be 
aore  closely  studied  by  an  examination  of  the  spectrum  of  the  trans- 
nitted  light.  Thus  blue  glass  and  sulphate  of  copper  transmit  only 
he  blue  end  of  the  spectrum,  and  red  glass  intercepts  this  end  and 
ransmits  only  the  red ;  and  the  striking  feature  of  these  cases  is  the 
K>werrul  effect  of  an  almost  infinitesimal  amount  of  colouring  matter 
»n  the  transmission  of  light. 

A  solution  of  permanganate  of  potash  intercepts  the  middle  portion 
>f  the  spectrum  and  transmits  both  ends,  the  mixture  of  red  and  blue 
jiving  rise  to  the  gorgeous  colour  of  the  solution.  Various  substances 
ire  thus  proved  to  possess  what  is  termed  selective  absorption  as 
"egards  the  waves  of  light,  singling  out  certain  waves  for  destruction, 
f-hile  they  permit  others  to  pass.  Hence  if  the  non-luminous  radia- 
ion,  like  the  luminous,  be  a  wave  motion  in  the  ether,  we  are  prepared 
0  find  that  transparency  to  light  does  not  necessarily  imply  trans- 
)arency  to  radiant  heat,  and  that  a  substance  which  is  opaque  to  light 
nay  freely  transmit  non-luminous  radiation,  and  further,  that  a  sub- 
tance  which  is  transparent  to  the  radiation  from  one  source  may  be 
•ractically  opaque  to  that  of  another. 
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When  light  and  radiant  heat  were  considered  to  l)e  essentiallj 
different,  however,  this  view  was  not  so  easily  entertained.  Those 
who  espoused  the  caloric  theory  found  it  very  difficult  to  admit  thit 
heat  could  be  transmitted  through  any  substance  in  the  same  manna 
as  they  conceived  light  to  be.  All  cases  in  which  heat  appeared  to 
be  so  transmitted  were  explained  by  supposing  that  the  heat  was  first 
absorbed  by  the  subsUince,  and  afterwards  radiated  by  it  when  it 
became  hot  That  heat  can  be  transmitted  almost  instantaneoiisl? 
like  light  8eems  to  have  been  discordant  with  the  ideas  of  die 
calorists,  and  the  point  was  combated  by  them  for  some  time  after 
the  conclusive  experiments  of  De  la  Roche  and  MellonL 

The  transmission  of  heat  and  the  property  of  selective  absorption 
by  bodies  for  the  dark  rays  was  first  established  by  De  la  Roche,  who 
concluded  from  this  that  i*adiant  heat  consists  of  a  mixture  of  different 
rays,  or,  as  we  should  now  say,  a  multitude  of  waves  of  different 
lengths,  just  as  white  light  is  a  mixture  of  different  waves  or 
differently  coloured  rays. 

The  work  of  De  la  Koche  was  subsequently  confirmed  by  the 
elaborate  researches  of  Melloni^  with  the  thermopile.  The  method 
of  analysis  adopted  may  be  briefly  described  as  follows.  The  source 
of  heat  was  placed  at  one  side  of  a  screen  provided  with  an  aperture, 
and  the  thermopile  was  placed  at  the  other,  so  that  the  radiation, 
after  passing  through  the  aperture,  fell  upon  it  either  unobstructed 
or  after  passing  tlirough  a  tliin  |>late  of  the  material  under  examina- 
tion. In  this  manner  Melloni  found  that  rock-siilt  was  exceedingly 
diathermanous,  transmitting  over  90  pei*  cent  of  the  incident  radia- 
tion, whereas  plates  of  alum  and  pure  water  of  the  same  thickness 
sciircely  transmitted  the  tenth  part  of  the  radiation  from  a  lamp  tlame, 
and  an  inappreciable  amount  of  the  radiation  from  low  temperature 
sources,  such  as  a  blackened  copper  ball  heiited  to  390^  C,  or  a 
Leslie's  cube.- 

'  Melloni,  yliin.  ifc-  Chi  ink  cf  dr  I*/ii/si'/io\  2^',  toiii.  liii.  p.  5,  1833,  and  torn.  Iv. 

-  Kock-salt  transmits  a  very  Iai>,'e  iM'nciita^e  oftlif  radiation  from  all  thesourct's, 
wlwMvas  alum  transmits.  ace()rdin^  to  Milloni,  only  the  luminous  rays  (this,  how- 
ever, is  not  quite  correct).  Henee  if,  as  Melloni  8Uj)|»osed,  the  rock-salt  transmits 
all  the  radiation,  the  dillerenee  between  the  cjuantities  transmitted  by  a  plateofrock- 
sjilt  and  a  plate  of  alum  .should  <^'ive  the  value  of  the  obscure  radiatiou  as  eomi»ared 
with  the  luminous.  Tested  in  this  way  Melloni  found  the  following  proportions  for 
the  three  sources  employed  :  - 

Suurce. 


Oil  flame 

Incan<lescent  ])latinuni 
Klann^  of  spirit-lamp 


Luminous. 

Obscure. 

10 
2 
1 

90 
99 
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The  results  of  experiments  with  four  different  sources  of  heat 
ire  contained  in  the  following  table,  which  exhibits  not  only  the 
iifference  of  diathermancy  of  different  substances  for  the  radiation 
Tom  the  same  source,  but  also  the  difference  of  behaviour  of  the  same 
(ubstance  towards  the  radiation  from  different  sources.  The  numbers 
•epresent  the  percentages  of  the  incident  radiation  transmitted  by  the 
/^arious  substances.  Four  sources  of  heat  were  employed :  ( 1 )  a 
LiOcat«lli  lamp  without  a  glass  chimney ;  (2)  a  platinum  spiral  heated 
o  incandescence  in  the  flame  of  a  spirit-lamp ;  (3)  a  copper  plate 
leated  to  nearly  400^  C.  by  a  spirit-lamp ;  (4)  a  thin  copper  vessel 
)laekened  on  the  outside  and  filled  with  boiling  water. 


' 

Incandes- 
cent 
Platinum. 

Blackened 

Blackened 

Thickness  i!-i'.  mm. 

Locatelli 
Lamp. 

Copper 
heated  to 

3JK). 

Copper 
heated  to 

100°. 

Kock-salt  (clear)    . 

9^ 

9-2 

92 

92 

Filiate  of  lime  iclear)     . 

78 

69 

42 

33 

Rock-salt  (dull)     . 

65 

65 

65 

65 

Ber^^l  (greenish-yellow) 

r)4 

23 

1         13 

0 

Filiate  of  lime  (greenish) 

46 

38 

1         24 

1         20 

Iceland  spar  . 

.S9 

28 

6 

0 

»?           »♦     • 

:i8 

28 

5 

0 

Mirror  glass  . 

:i9 

24 

6 

0 

»»           >>     • 

38 

26 

5 

0 

Rock-crystal  i clear) 

:^S 

28 

6 

,           0 

,,      (smoky)     . 

37 

28 

6 

'           0 

Acid  chromate  of  potash 

34 

28 

15 

0 

White  topaz  . 

33 

24 

4 

0 

Carbonate  of  lead  . 

3-2 

23 

4 

0 

i     Sulphate  of  barytes  '{uirc) 

24 

18 

3 

0 

White  agate  . 

23 

11 

2 

0 

1     Adularia  felspar     . 

23 

19 

6 

0 

j     Amethyst  (violet) 

21 

9 

2 

0 

Aml)er  (artificial)  . 

21 

5 

:      0 

0 

Emerald 

19 

13 

2 

'           0 

1     Agate  (yellow) 

19 

12 

1            2 

;      0 

Borate  of  soda 

18 

12 

8 

0 

Green  tourmaline  . 

18 

16 

3 

0 

Cow  horn 

IS 

4 

0 

0 

Common  gum 

18 

3 

0 

0 

Sulphate  of  barytes  (dull) 

17 

11 

3 

0 

Sulphate  of  lime    . 

14 

0 

0 

0 

Sardoiu 

14 

7 

2 

0 

1    Citric  acid     .        .         .         . 

11 

2 

0 

0 

Amber  (natural)    . 

11 

0 

0 

Alum 

9 

0 

0 

(Hue  (strong) 

9 

2 

0 

0 

Mother-of-pearl 

9 

0 

0 

0 

Gleen  fluate  of  lime 

8 

6 

4 

3 

Melted  sugar 

7 

0 

0 

0 

,     Ice  (very  pure) 

1 

6 

0 

0 

0 

1 

This  table  shows   how  different  substances  differ  in  diathermancy, 
^nd  it  also  shows  that,  with  a  single  exception,  the  diathermancy  of 
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each  substance  varies  with  the  nature  of  the  source  of  heat  Rock- 
salt  alone  appears  to  be  equally  transparent  to  the  radiation  from  si 
sources.  Melloni  supposed  this  substance  to  be  perfectly  transparent 
to  all  kinds  of  radiation,  and  that  the  8  per  cent  deficit  in  the  fore- 
going table  arose  from  reflection  at  the  surfaces  of  the  plate  and  not 
from  absorption  in  the  interior.  More  recent  experiments,  howeyer, 
by  MM.  Provostaye  and  Desains  have  proved  that  rock-salt  doei 
exhibit  selective  a1>sorption,  and  Balfour  Stewart  demonstrated  that 
it  is  particularly  opaque  to  the  radiation  from  a  heated  piece  of  the 
same  substance. 

In  the  case  of  liquids  the  diathermancy  was  examined  by  enclosing 
them  in  a  glass  cell  with  parallel  faces.  The  source  of  heat  was  an 
Argand  lamp  furnished  with  a  glass  chimney,  so  that  in  considenng 
the  results  of  the  following  table  it  must  be  remembered  that  the 
diathermancy  of  the  liquid  is  for  the  radiation  of  the  lamp  in  quesdoo 
after  passing  through  glass  : —         , 

Litiuids,  thickness  i*"21  mm.  Rays  tniuroitted. 


No  screen     .... 
Mirror  gljiss  (same  thickness  as  liquid) 
Carbiii-et  of  8uli>liiir  (colourless) 
Cliloritle  of  sulphur  (brownish-red) 
Protochloride  of  phosphorus  (colourless) 
Hydrocarburet  of  chlorine  . 
Nut  oil  (yell(>w) 

Essence  of  turpentine  icolourless 
Essence  of  rosemary 
Oil  of  eolza  i  vellow  ) 
Oil  of  olives  ("^rfcnish-yellow: 
Njjplitliii  (natural,  lif^bt  l)ro\vn-yel low- 
Balsam  of  copaiba  i  brown-yellow)    . 
Essence  of  lavender  (colourless 
Najditlia  (rectilied,  colourb'ss) 
Sul{»luiric  ether  (colourless) 
Pure  sulphuric  acid  (colourless) 
Nordhausen  sul])huric  acid  (brown; 
Hydrate  of  ammonia  (cobuirless)     . 
Nitric  acid  ypure  and  colourless) 
Alcohol  (absolute  and  colourless)    . 
Hydrate  of  potassium  (colourless     . 
Acetic  acid  {rectified,  colourless' 
Pyroligneous  acid  (brownish' 
Sugared  water  (colourless^  . 
Alum  water 
Salt  water 

White  of  eggs  (slightly  yellowish  i  . 
Distilled  water 


100 
53 
63 
63 
62 
37 
31 
31 
30 
30 
30 
28 
26 
26 
26 
21 
17 
17 
15 
15 
15 
l:^ 
12 
12 
12 
12 
12 
11 
11 


This  table  shows  that  pure  water  is  exceedingly  opaque  to  radiant 
heat,   and   that  the   solution   of  a  salt  in   it   increases    rather  than 
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iiminishes  its  diathermancy.  The  position  of  a  solution  of  alum  is  AInm  cell 
worthy  of  remark  in  this  respect,  for  it  seems  to  have  been  very 
generally  supposed  that  this  solution  is  practically  opaque  to  non- 
luminous  heat.  The  above  table  shows  that  Melloni  found  it  more 
diathermanous  than  pure  water,  and  this  conclusion  has  been  verified 
by  Mr.  Shelf  ord  Bid  well.  ^  The  ordinary  supposition  may  perhaps 
have  arisen  from  the  fact  that  a  plate  of  alum  is  highly  opaque  to 
thermal  radiation  (but  not  so  much  so  as  sugar-candy  or  ice),  and 
it  may  have  been  inferred  that  its  solution  would  also  be  highly 
opaque. 

The  diathermancy  of  any  body  to  radiation  which  has  already  Sifting. 
passed  through  another  was  also  examined  by  Melloni.  The  results 
are  contained  in  the  following  table.  It  appears  that  any  substance 
is  particularly  transparent  to  radiation  which  has  already  been  sifted 
by  a  plate  of  that  substance.  Thus  a  plate  of  alum  which  only  trans- 
mitted 9  per  cent  of  the  heat  from  a  naked  lamp  transmitted  90 
per  cent  of  that  which  had  already  passed  a  plate  of  this  material. 
The  same  remark  applies  to  the  other  substances,  so  that  all  are  capable 
of  sifting  heat  in  such  a  manner  that  a  second  plate  will  transmit  a 
large  portion  of  the  heat  which  has  already  passed  through  a  plate  of 
the  same  material.  This  of  course  is  what  we  should  expect  theoreti- 
cally, for  when  the  radiation  passes  through  a  plate  of  any  substance 
the  emergent  beam  consists  chiefly  of  those  waves  which  the  substance 
freely  transmits,  and  this  will  be  almost  entirely  transmitted  by  a 
second  plate  of  the  same  substance. 

Examples  of  athermanous  combinations  are  also  contained  in  the 
table,  just  as  red  and  green  glass  together  make  a  combination  opaque 
to  light.  Thus  rays  which  have  passed  through  alum  are  very  feebly 
-ransmitted  by  black  mica  or  black  glass. 

1  Brit.  Assoc.  Report,  p.  309,  1886. 
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'sE 

C 

i    S 

9 

• 

%  S 

^    ^ 

1    5 

i 

S   ^ 

"S^ 

$  £ 

3 

C 

Plates  not  specially  iiniicatetl  were 
2'«>  mm. 

r. 

1    ^^ 

n 

H 

s 

u 

■  t. 

,  5 

X 

Rock  suit 

9-2 

.     92 

92 

92 

92 

9i 

Fluate  of  liiii»?    .... 

78 

90 

91 

88 

JK) 

:    9} 

Bcrj'l 

54 

80 

91 

66 

70 

57 

Iceland  s|)ar       .... 

39 

91 

89 

56 

59 

■•    55 

Glass  (0*5  mm.            ... 

54 

90 

85 

68 

87 

80 

„     (0-8)          .... 

34 

90 

82 

47 

56 

45 

Rock-crystal      .... 

38 

91 

85 

52 

78 

54 

Cliroiiiate  of  j>otash    . 

34 

57 

53 

71 

28 

24 

Sulphate  of  barytes    . 

24 

36 

47 

25 

60 

57 

White  agate       .... 

23 

70 

78 

30 

43 

17 

Adularia  felspar 

23 

23 

58 

43 

50 

2S 

Yellow  Amber   .... 

21      - 

65 

61 

20 

13 

S 

Hlack  opaque  mica  (0'9)     . 

20 

0-4 

12 

16 

38 

4S 

Yellow  agate 

19 

57 

64 

24 

35 

14 

Emerald 

19 

60 

57 

26 

20     . 

21 

Horate  of  soda    .         .         .         .     ; 

18     1 

23 

33 

23 

30 

24 

Green  tourmaline 

18     ' 

1 

10 

14 

24     : 

30 

Common  gum     . 

18 

61 

52 

12 

6 

4 

Sulphate  of  lime 

14 

59 

54 

22 

9 

15 

,,              ,,    thick  (I'J  mm.) . 

10 

56 

45 

17 

5 

0-4 

Carbonate  of  ammonia 

12     1 

44 

34 

11 

6 

5 

Citric  acid          .         .         .         .     j 

11     i 

88 

52 

16 

3 

2 

Tartrate  of  jjotash  and  .soda        .     , 

11 

85 

60 

15      ' 

o 

1 

Alum 

9 

90 

47 

15 

0-2  . 

0-3 

C"'>l")ur»Mi  (ih 

-hl'S.   1  '.S 

.'>  nun.  th 

cU. 

Whit*'  glas.^         ...          .      1 

40 

90 

83 

50 

67 

55 

Violet 

:U 

76 

72 

42 

56 

47 

Red 

:i3 

74 

69 

41 

54 

45 

Oranj^je       ..... 

29 

H5 

58 

36 

48 

39 

A])]>l(f-gn'Oii        .... 

25 

3 

20 

22 

55 

50 

Mineral -«^nen     .... 

2:< 

1 

15 

19 

52 

58 

Yellow        ..... 

22 

49 

46 

27 

35 

30 

r.lue 

21 

47 

42 

26 

34 

29 

I51aek  (opaque  1  .... 

16 

0-5 

18 

11 

42 

52 

';      Iiidjt^o         .           .                      .           . 

1 

12 

27 

26 

14 

20 

17 

.  , 
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269.    Influence  of  the   Temperature  of  the   Source. — It  was 

for  Sinue  time  supposed  that  the  transmissiVdlity  of  heiit  through  dia- 
thernianous  sub.stances  aupiiented  with  the  temperature  of  the  source. 
Knoblauch  ^  was  the  first  to  prove  that  this  is  not  the  case,  but  that 
the  passage  of  radiant  heat  tlirougli  any  substance  is  determined  alone 
bv  the  natiu'e  of  the  substance.  He  showed  in  these  reseiirches  that 
the  heat  emitted  l)y  an  alcohol  flame  was  more  absorbed  by  certain 
substances  than  the  heat  emitted  by  a  platinum  wire  placed  in  the 


^  Kiioblauelj,  /'(«/.'/.  Ann,,  1847  ;  and  Taylor's  Scicntijic  Mnnoi/s. 
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flame,  and  he  argued  that  the  temperature  of  the  flame  cannot  be  lower 
than  that  of  the  spiral.  Thus  a  plate  of  transparent  glass  placed 
between  the  incandescent  platinum  spiral  and  the  thermopile  trans- 
mitted a  greater  percentage  of  the  radiation  than  when  the  source  of 
heat  was  the  flame  alone  without  the  spiral.  This  showed  that  the 
heat  from  the  spiral,  or  source  of  lower  temperature,  was  best  trans- 
mitted, and  this  result  was  afterwards  verified  by  Melloni. 

Transparent  glass  allows  the  luminous  or  shorter  waves  to  pass  Glass, 
freely  through  it,  but  it  is  highly  opaque  to  the  longer,  or  ultra  red- 
waves,  that  is  to  the  obscure  or  non-luminous  radiation.  Reference 
to  the  foregoing  tables  shows  that  a  plate  of  glass  of  the  kind 
employed  by  Melloni,  and  only  one- tenth  of  an  inch  thick,  intercepts 
all  the  radiation  from  a  source  at  100'  C,  and  transmits  only  6  per 
cent  of  the  heat  emitted  by  a  source  at  400''  C.  It  is  for  this  reason 
that  a  glass  plate  is  often  used  as  a  fire-screen.  Now  the  radiation 
from  the  flame  of  a  spirit-lamp  is  nearly  all  non-luminous,  but  when 
a  platinum  spiral  is  plunged  in  the  flame  the  luminosity  is  largely 
increased.  The  spiral  becomes  incandescent,  absorbing  the  non- 
luminous  waves  of  the  flame,  and  emitting  in  return  a  copious  supply 
of  the  shorter  luminous  waves.  In  this  manner  the  percentage  of 
waves  which  are  easily  transmitted  by  glass,  is  increased,  and  the 
presence  of  the  spiral  augments  the  transmissibility  of  the  radiation. 
Thus  Melloni  found  that  a  glass  plate  transmitted  41*2  per  cent  of 
the  radiation  from  the  flame  alone,  and  52*8  per  cent  of  that  from 
the  flame  and  spiral.  A  plate  of  selenite  transmitted  in  the  same 
way  4*4  per  cent  from  the  flame,  and  19 '5  from  the  spiral. 

In  the  case  of  substances  which  are  opaque  to  the  waves  of  higher 
refrangibility,  the  presence  of  the  spiral  would  be  expected  to  produce 
an  opposite  effect  and  reduce  the  transmissibility,  for  in  this  case  the 
action  of  the  spiral  is  to  increase  that  portion  of  the  radiation  which  is 
not  transmitted  by  the  substance.  This  was  also  verified  by  Melloni. 
Thus  for  black  glass  he  found  a  transmission  of  52*6  per  cent  from  the 
flame,  and  only  42*8  from  the  spiral,  and  for  black  mica  a  transmission 
of  62*8  from  the  flame,  and  52*5  from  the  spiral. 

Diathermancy  of  Gases  and  Vapours 

270.  Tyndall's  Experiments. — The  first  successful  experiments 
on  the  transmission  of  radiant  heat  through  gases  were  made  by 
Professor  Tyndall  at  the  Royal  Institution  in  1859.  Previous  to  that 
date  no  experimenter  had  been  able  to  detect  any  absorption  of  radiant 
heat  by  gaseous  matter,  and  it  was  generally  supposed  that  matter  in 
the   gaseous  state   transmitted   perfectly  all   kinds  of  radiation.     Irv 
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approaching  this  investigation,  either  of  two  distinct  methods  of  atta<^ 
may  be  adopted  :  (1)  the  thermopile  and  the  source  of  heat  majbe 
both  placed  in  the  chamber  containing  the  gas  under  consideration ;  or 
(2)  either  or  both  may  be  situated  outside  the  space  enclosing  the  ga& 
The  first  method  has  been  employed  by  Maghus  and  others,  and  wOl 
be  considered  later  on.  It  is  subject,  as  Tyndall  ^  pointed  oat^  to 
errors  arising  from  convection  currents  and  conduction  of  heat,  and  lor 
this  reason  Tyndall  adopted  the  second  mode  of  experiment. 

In  making  a  preliminary  experiment  by  this  method,  a  tube  aboat 
4  feet  long  and  3  inches  in  diameter  was  fitted  air-tight  with  rock-6iIt 
plates  at  the  ends  and  furnished  with  two  stopcocks,  so  that  it  could 
be  exhausted  or  filled  with  air  or  any  other  gas.  The  source  of  heit 
was  placed  opposite  one  end,  and  the  thermopile  faced  the  other,  so  that 
the  radiation,  after  travei^sing  the  tube,  fell  upon  it  and  produced  a 
deflection  of  the  galvanometer  needle.  The  tube  was  first  exhausted 
and  the  deflection  of  the  galvanometer  noted  when  the  radiation  fell 
upon  the  pile  after  traversing  the  empty  sjmce.  Pure  dry  air  was  then 
admitted,  and  the  deflection  was  found  to  remain  unaltered,  so  that 
the  radiation  seemed  to  be  transmitted  as  freely  through  the  air  as 
through  a  vacuum.  The  first  inference  is  that  either  air  does  not 
absorb  radiant  heat  at  all,  or  else  to  such  a  small  extent  that  this 
mode  of  experiment  fails  to  detect  it.  Or  it  might  happen  that  rock- 
salt  and  air  absorl)  the  same  kind  of  rays,  and  that  the  radiation, 
after  passing  through  the  first  plate  of  salt,  is  so  sifted  that  no  waves 
of  the  particular  kind  absorbed  by  air  remjiin. 

Kock-salt  was  chosen  to  close  the  ends  of  the  tube,  because  it 
is  bv  far  the  most  diathermanous  substance  we  know  of.  It  is  not 
particularly  necessary  to  have  a  transparent  substance,  for  gases, 
we  know,  freely  transmit  the  luminous  waves,  and  if  they  possess 
any  marke<l  absorlang  power,  it  must  be  for  waves  below  the  red  or 

^  Previous  to  tlir  work  of  TyinluU.  no  iloubt,  many  experimenters  had  in- 
vestigated the  action  of  air  upon  radiant  lieat ;  otlierwise  the  conviction  that  lir 
perfectly  transmitted  radiant  lieat  eouhl  not  have  become  8o  universal,  but  thit  aU 
<ither  gases  were  supposed  to  behave  in  a  like  manner  proves  that  experiments  on 
them  could  scan.'cly  have  been  seriously  attempted. 

Dr.  Franz  of  Berlin  [I'oij'j.  Ana.,  vol.  xciv.  p.  342)  with  a  sensitive  thermopile  had 
discovered  a  supposed  absorption  by  dry  air  in  a  3-foot  tube  of  3*54  per  cent;  bat 
this  was  attributed  by  Tyndall  to  the  fact  that  Franz  employed  glass  plates  to 
close  the  ends  of  the  tube,  and  as  glass  largely  absorbs  the  non-luminous  radiation, 
the  plates  soon  beeoni**  warm  anil  ratliate  heat  to  the  pile.  In  this  situation  ol 
atTairs,  when  the  cool  gas  is  admitted  into  the  tube  it  rapidly  lowers  the  temperatur? 
of  the  radiating  glass  plates  both  by  conduction  and  convection,  so  that  the  total 
radiation  to  the  pile  is  reduced  just  as  if  the  gas  exercised  a  true  absorption  of  the 
radiant  heat. 
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beyond  the  violet.  The  essential  thing  then  is  to  stop  the  ends  of 
:he  tube  with  plates  of  some  substance  which  freely  transmits  the 
onger  waves  below  the  red,  and  rock-salt  is  the  best  yet  found  for 
:.his  purpose. 

Tyndall,  however,  did  not  rest  satisfied  with  this  negative  reply  to 
[lis  inquiry.  He  was  fully  convinced  that  air  probably  did  absorb 
some  of  the  radiant  heat,  but  such  a  small  fraction  that  the  apparatus 
Failed  to  detect  it.  He  consequently  exercised  his  ingenuity  to  render 
the  apparatus  more  and  more  delicate,  so  that  even  the  very  feeblest 
absorption  might  be  fully  placed  in  evidence.  This  required  a  strong 
source  of  heat,  so  that  a  small  fraction  of  it  might  not  be  infinitesimal, 
Eind  it  also  required  the  galvanometer  needle  to  be  kept  in  the  most 
sensitive  position.  A  strong  source  of  heat  produces  a  large  deflection 
of  the  needle;  and  in  this  part  of  the  scale  the  instrument  is  not  very 
sensitive  to  small  changes  of  heat.  The  problem  to  be  solved  then 
was  to  work  with  small  deflections  and  a  strong  source. 

This  difficulty  was  overcome  by  Tyndall  in  the  following  manner. 
The  indications  of  the  thermopile  depend  not  so  much  on  the  temperature 
of  either  face  as  on  their  difference  of  temperature,  and  when  the  two 
faces  are  brought  to  the  same  temperature  the  deflection  of  the  galvano- 
meter is  reduced  to  zero.  The  solution  of  the  difficulty  is  now  obvious. 
For  if  a  strong  beam  of  radiant  heat  be  employed,  which,  falling  on  one 
face  of  the  pile,  produces  a  large  deflection  of  the  needle,  then  by  bring- 
ing up  a  second  source  of  heat  opposite  the  other  face  of  the  pile,  the 
action  of  the  first  source  may  be  counterbalanced  by  the  second,  and 
the  galvanometer  deflection  may  be  reduced  to  zero  if  desired. .  Let  us 
now  sup{K)se  that  this  has  l>een  effected,  and  that  the  needle  stands  at 
zero  and  in  equilibrium  under  the  joint  action  of  the  two  sources  of 
heat ;  and  let  us  further  suppose  that  the  experimental  tube  already 
described  has  been  exhausted  and  placed  in  the  path  of  one  of  the 
beams  of  heat,  so  that  the  beam  of  radiant  heat,  falling  upon  one  of  the 
faces  of  the  pile,  passes  through  the  empty  tube.  Now  let  us  suppose 
air  or  any  other  gas  to  be  introduced  into  the  tube.  Then  if  this  gas 
absorbs  any  small  fraction  of  the  heat,  the  previous  equilibrium  will  be 
broken  and  the  needle  will  move  to  a  new  position  of  rest  The 
ieflection  of  the  needle  will  be,  within  certain  limits,  proportional  to 
;he  quantity  of  heat  absorbed,  and  this  for  a  substance  of  given 
ibsorbing  power  will  be  proportional  to  the  intensity  of  the  beam 
>assing  through  the  tube.  Hence  the  stronger  the  beam  of  radiant  heat 
jmployed  the  greater  the  ultimate  indication  of  the  galvanometer, 
md  by  the  foregoing  device  it  is  rendered  possible  to  use  a  beam  of 
my  strength  desired.     The  preliminary  difficulty  being  thus  overcome, 
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Tyndall  again  approached  the  inquiry,  and  with  marked  nicceKB 
will  appear  from  what  follows. 

The  type  of  apparatus  finally  adopted  is  sketched  in  Fig.  15S.  IW 
experimental  tul>e  SS'  was  a  hollow  brass  cylinder,  polished  within,  lal 
closed  air-tight  at  the  ends  S  and  S'  with  plates  of  rock-salt.  Tk 
length  of  this  tul>c  was  about  4  feet,  and  the  source  of  heat  C  mi « 
cube  of  caat  copper  filled  with  water,  which  was  kept  boiling  by* 
lamp.  The  cube  C  was  not  isolated  but  brazed  to  a  short  cylinder 
F  of  the  »ame  diameter  as  the  experimental  cylinder,  and  capable  of 
being  connected  air-tight  with  the  latter  at  S.  Thus  between  the  toam 
of  heat  and  the  experimental  tube  there  was  a  front  chamber  F 
which  could  be  exhausted,  so  that  the  radiation  from  C  might  enter  the 
ex[>erimental  tube  unsifted  by  air.  In  order  to  avoid  conduditm  of 
heat  from  C  to  the  rock-salt  plate  at  S,  the  front  chamber  F 


through  a  vcssc!  X,  in  iihich  a  .sti'cam  of  cold  water  continually  cir- 
culated. The  ex])cri  mental  tube  and  the  front  chamber  F  were 
connected,  independently,  with  the  ;iir  pump,  so  that  either  of  them 
might  be  filled  or  exhausted  without  interfering  with  the  other.  The 
thermopile  P  was  fui'iiished  with  a  conical  reflector  at  each  end,  ami 
the  compensating  cube  C  was  use<l  to  neutralise  the  radiation  from  (' 
An  atljusting  screen  II,  capable  of  a  very  fine  motion  to  and  fro,  ""is 
employed  to  bring  about  exact  compcnaatioii. 

As  the  very  sliglitest  traces  of  impurity  largely  affect  the  disiher- 
mancy  of  aii-,  the  strictest  precautions  were  necessary  in  order  to  ensure 
that  the  sample  admitted  into  the  experimental  tube  was  perfectly 
pure  and  dry.  For  this  puqxise  it  was  passed  through  U-tubes  filled 
with  pure  glass  broken  into  small  fnigments  and  moistened  with  pure 
sulphuric  acid.  Il  was  also  found  necessary  to  cover  each  column  of 
the  U-tuhe  with  a  layer  of  dry  glass  fragments ;  for  the  smallest  traf* 


ART.  270  DIATHERMANCY  555 

of  dust  from  the  corks,  or  a  fragment  of  sealing-wax  not  more  than  the 
twentieth  part  of  a  pin's  head  in  size,  was  sufficient  to  vitiate  the 
results  if  it  reached  the  acid.  The  drying  tubes,  besides,  required 
frequent  renewal,  as  the  organic  matter  of  the  atmosphere,  though 
exceedingly  small,  after  a  time  introduced  disturbance.  The  carbonic 
acid  was  removed  by  passing  the  air  through  another  set  of  U-tubes 
filled  with  pure  broken  Carrara  marble  moistened  with  caustic  potash. 

The  front  chamber  F,  and  the  experimental  tube  SS',  being  both 
exhausted,  the  rays  of  heat  from  the  source  C  were  allowed  to  fall 
upon  the  face  of  the  pile,  and  the  effect  of  this  radiation  was  com- 
pensated by  the  cube  C,  the  needle  standing  at  zero.  Pure  dry  air 
was  then  allowed  to  enter  the  cylinder,  but  no  appreciable  motion  of 
the  needle  could  be  observed. 

The  absorption  of  heat  by  air  is  therefore  so  small  that  even  this 
delicate  test  fails  to  detect  it.  Oxygen,  hydrogen,  and  nitrogen,  when 
carefully  purified,  and  treated  in  the  same  way,  showed,  like  air,  no 
sensible  absorption  of  the  radiant  heat.  Olefiant  gas,  on  the  other 
hand,  exhibit^  a  very  marked  effect  The  experimental  cylinder 
being  exhausted,  and  the  needle  being  brought  to  zero  by  the  com- 
pensating cube,  olefiant  gas  was  allowed  to  enter.  A  marked  deflection 
of  the  needle,  amounting  to  70"  when  the  cylinder  was  filled  with  gas, 
was  the  result,  showing  that  this  invisible  gas  absorbs  heat  like  a  solid 
or  liquid.  A  metal  screen  was  now  interposed  between  the  end  of  the 
experimental  tube  and  the  face  of  the  pile,  so  that  the  compensating 
cube  alone  might  radiate  to  the  pile  and  produce  its  full  effect.  A 
deflection  of  75°  was  thus  obtained,  and  as,  at  the  commencement  of 
the  experiment,  the  radiations  from  the  two  cubes  were  equal,  the 
deflection  75°  represents  the  total  radiation  through  the  exhausted 
cylinder.  Taking  as  unit  the  quantity  of  heat  necessary  to  move  the 
needle  from  0"  to  1  \  the  number  of  luiits  represented  by  a  deflection 
of  75^^  was  276,  and  the  number  representing  a  deflection  of  70°  was 
211,  so  that  out  of  a  total  of  276  units  211  were  absorbed  by  the  gas 
within  the  cylinder — that  is,  the  absorption  of  the  gas  amounted 
to  about  80  per  cent  of  the  whole.  The  following  table  exhibits 
the  relative  absorption  at  pressures  varying  from  1  to  10  inches  of 
mercury : — ^ 

'  The  unit  employed  in  this  tahle  is  stated  hy  Tyndall  to  be  the  amount  of  heat 
absorbed  by  "a  whole  atmosphere  of  dried  air."  This  appears  to  be  the  quantity  of 
heat  corre8[K)nding  to  a  deflection  of  1'  of  the  thermopile,  as  some  experiments  are 
quoted,  in  which  purified  air,  oxygen,  hydrogen,  nitrogen,  each  gave  *'a  deflection 
o( aboiU  V  under  atmospheric  pressure."  As  the  absorption  of  air  seems,  according 
to  Tyndall,  to  be  largely  affected  by  even  a  small  trace  of  aqueous  va[)Ours  or  other 
impurity,  the  choice  of  this  unit  appears  ill  advised.     Any  one  repeating  the  expert 
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Olefian't  GaIs 


Pressure 
ill  Inches. 

Absorption.        , 
90 

Presjturc 
in  Inches. 

Absorption. 

1 

6 

177 

2 

123 

7 

182 

3 

142 

8 

186 

4 

157 

9 

190 

5 

168 

10 

193 

It  thus  appears  that  the  absorption  increases  with  the  pressure, 
but  not  in  simple  proportion  to  it  or  according  to  any  simple  law.  For 
very  small  pressures,  however,  the  absorption  was  found,  as  we  should 
expect,  to  be  very  approximately  proportional  to  the  pressure. 

Similar  experiments  with  other 'gases  and  vapours  were  conducted 
with  like  success.  The  results  of  these  are  collected  in  the  following 
table,  which  shows  the  exceedingly  high  absorbing  power  of  ammonia. 
In  order  to  examine  the  corrosive  gases,  the  brass  experimental  tube  was 
replaced  by  one  of  glass.  The  hot  water  cube  was  also  dispensed  with 
as  a  source  of  heat,  and  replaced  by  a  plate  of  copper,  against  which 
a  thin  steady  gas-flame  from  a  Bunsen's  burner  was  caused  to  play. 


Substaiir-f*. 


Absorption 
Hi  1  ATiii. 


SjibsUmce. 


Absorption 
at  1  Atm. 


Air 

Oxygen 

Nitroj^iMi 

Hvd rotten    . 

ChloriiH' 

Hydrochloric  acid 

Carbonic  oxide    , 


1 
1 
1 
1 


Carbonic  acid 
Nitrons  oxide 
Sulphide  of  hydrogen 
Marsh  gas  . 
Sulphurous  acid  . 
Olctiant  gas 
Ammonia    . 


90 
3.'),5 
390 
403 
710 
970 
1195 


Vapours.  The  examination  of  vapours  was  conducted  by  placing  some  of  the 
liquid  in  a  test-tube  K  fitted  with  a  screw-tap  carefully  cemented  on 
(Fig.  158).  By  this  means  it  could  be  attached  to  a  stopcock,  and 
thus  connected  with  the  experimental  tube.  The  liquid  being  intro- 
duced, the  tube  K  was  connected  with  an  air  pump,  and  the  air  was 
completely  removed,  so  that  nothing  but  the  liquid  and  its  vapour 

nients  would  certainly  object  to  having  the  most  doubtful  and  least  marked  of  all 
these  substances  set  up  as  the  standard  of  reference.  Tyiidall  himself  .states  that 
the  absorption  of  these  substances  is  exceedingly  small— probably  even  smaller  than 
he  assumed  it,  and  he  remarks  that  the  more  jierfectly  these  gases  are  purified,  the 
mon;  closely  does  their  action  ajjproach  that  of  a  vacuum. — Heat  a  Mode  of  Sfofion, 
p.  346. 
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remained.  The  stopcock  was  then  shut,  and  K  was  attached  to 
the  experimental  tube.  The  latter  being  completely  exhausted,  and 
the  needle  of  the  galvanometer  standing  at  zero,  the  tap  attached 
to  K  was  opened.  The  vapour  was  thus  allowed  to  enter  the 
experimental  tube  silently,  and  without  the  slightest  commotion,  while 
the  manometer  attached  to  the  apparatus  was  carefully  observed.  In 
this  manner  the  absorptions  of  the  vapours,  mentioned  in  the  following 
table,  were  examined  at  pressures  of  0*1,  0*5,  and  1  inch  respectively  : — 


1 

Pressures. 

Substance. 



0-1. 

0-5. 

10. 

Bisulphide  of  carbon        ...               15 

47 

62 

;     Iodide  of  methyl 

3r» 

147 

242 

1     Benzole  . 

;           66 

182 

267 

!     Chloroform 

sr* 

182 

236 

j     Methylic  alcohol 

109 

390 

590 

Amylene 

182 

535 

823 

Sulphuric  ether 

300 

710 

870 

1     Alcohol  . 

325 

622 

•  •  • 

■     Formic  ether   . 

480 

870 

1075         ' 

!     Acetic  ether     . 

590 

980         ! 

1195 

Propionate  of  ethyl 

596 

970 

•  •  • 

Boracic  acid     .....             620 

1 

... 

The  influence  of  the  temperature  of  the  source  on  the  transmission 
of  radiant  heat  by  vapours  is  shown  very  decidedly  by  the  following 
table.  By  raising  the  radiating  spiral  from  a  barely  visible  heat  to 
an  intense  white  heat,  the  absorption  of  bisulphide  of  carbon  and 
chloroform  is  reduced  to  less  than  one- half,  and  corresponding  reduc- 
tions take  place  with  the  other  vapours.  In  some  cases  even  a  reversal 
of  the  order  of  their  absorbing  powers  is  exhibited. 


Vajmiir. 


Bisulphide  of  carbon 
Chloroform 
Iodide  of  methyl 
Iodide  of  ethyl 
Benzole 
Amvlene  . 
Sulphuric  ether 
Formic  ether 
Acetic  ether 


•Source  of  H«*at,  a  Platinum  Sitiral. 


Harely 

Vinible. 


Bright 
Red. 


Whit«» 
Hot. 


Near 
Fusion. 


6-5 

4-7 

2-9 

2-5    ; 

9-1 

6-3 

5-6 

3-9 

12-5 

9-6 

7-8 

•  •  • 

21-0 

17-7 

12-8 

*  *  * 

26-3 

20-6 

16*5 

•  •  • 

35-8 

27-5 

22-7 

•  • 

43-4 

31-4 

25-9 

23-7 

45-2 

31-9 

25-1 

21-3 

49*6 

34-6 

27-2 

•  •  • 
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Compared  with  this  the  absorption  order,  when  the  source  of  heat  is  a 
Leslie's  cube  coated  with  lamp-black,  shows  another  case  of  reversal, 
the  iodide  of  methyl  coming  above  chloroform  in  the  list. 

Tyndall  also  examined  the  action  of  perfumes,  such  as  geranium, 
thyme,  and  rosemary.  Small  squares  of  ])ibulous  paper  were  rolled 
up  so  as  to  form  little  cylinders,  each  about  2  inches  in  length.  One 
of  these  paper  cylinders  was  then  moistened  by  dipping  one  end  of  it 
into  an  aromatic  oil,  so  that  the  oil  crept  by  capillary  action  through 
the  paper  until  the  whole  became  moist.  The  roll  was  then  intro- 
duced into  a  glass  tube  which  it  just  filled  without  being  squeezed, 
and  this  tube  was  placed  between  the  drying  apparatus  and  the  experi- 
mental tube,  so  that  by  turning  a  cock  dry  air  could  be  gently  drawn 
through  the  folds  of  the  saturated  paper.  This  air,  laden  with  per- 
fume, passed  into  the  experimental  tube,  and  the  absorption  due  to 
the  perfume  could  be  examined. 

Experiments  on  ozone  showed  so  marked  an  absorption  of  radiant 
heat  by  this  substance  that  it  takes  rank  with  olefiant  gas  and  boracic 
ether  as  an  absorber. 

The  diathermancies  of  several  volatile  liquids  were  also  examined 
by  Tyndall,  in  order  to  determine  if  the  state  of  aggregation  is  of 
paramount  importance,  or  if  the  absorption  depends  chiefly  on  the 
nature  of  the  individual  molecules,  and  if  their  deportment  towards 
radiant  heat  remains  characteristic  of  the  molecule  throughout  all 
states  of  aggregation.  Melloni,  in  his  experiments  on  the  diather- 
mancy of  liquids,  employed  a  lamp-flame  covered  with  a  glass  chininev 
as  source  of  heat,  and  the  lic^uid  was  also  enclosed  in  a  glass  cell,  so 
that  the  radiation  was  sifted  by  glass  before  it  entered  the  liquid. 
Tyndall,  however,  desired  to  have  the  primitive  emission  interfered 
Effect  of  with  as  little  as  possible,  and  to  determine  the  diathermancy  of  the 
state  of  liquids  and  their  vapours  as  far  as  possible  under  the  same  conditions. 
gation.  For  this  purpose  he  employed,  as  source  of  heat,  a  platinum  spiral 
•  raised  to  incandescence  by  an  electric  current,  and  he  enclosed  the 
liquid  in  a  rock-salt  cell,  so  that  the  radiation  passed  through  the 
liquid,  sifted  only  by  rock-salt,  as  in  the  case  of  the  vapours  and  gases. 
The  platinum  spiral  was  enclosed  in  a  glass  globe  to  prevent  the  dis- 
turbing influence  of  air  currents,  which  render  a  red-hot  spiral  an 
unsteady  source  of  heat  in  open  air.  The  front  of  the  enclosing  globe 
was  provided  with  an  aperture  which  could  be  left  open,  so  that  the 
radiation  fell  directly  on  the  liquid  cell,  or  it  could  be  closed  air-tight 
by  a  plate  of  rock-salt,  so  that  the  globe  could  l)e  exhausted,  and  the 
spiral  allowed  to  radiate  in  vacuo.  The  radiation,  in  the  first  instance, 
was  allowed  to  pass  through  the  empty  rock-salt  cell,  and  the  galvano- 
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meter  needle  was  brought  to  zero  by  the  compensating  cube.  The 
liquid  was  then  poured  into  the  cell,  and  the  deflection  of  the  needle 
noted.  From  this  deflection  the  quantity  of  heat  absorbed  by  the 
liquid  was  immediately  calculated,^  and  expressed  as  a  percentage  of 
the  entire  radiation.  The  results  of  the  investigation  are  contained 
in  the  following  table  for  various  thicknesses  of  the  liquid : — 


I 
1 

Thickness  of 

Liquid  in  Parts  of  an  Inch. 

Liquid. 

0'02. 

0-04. 

1 

j       0-07. 

1 

0-14. 

0-27. 

Bisulphide  of  carbou  . 

5-5 

8-4 

1 

1      12-5 

15-2 

17-3 

Chloroform 

16-6 

25-0 

35  0 

400 

44*8 

Iodide  of  methyl 

36-1 

46-5 

53-2 

6rr2 

68-6 

Iodide  of  ethyl  . 

38-2 

50-7 

59-0 

69  0 

71-5 

j     Benzole 

43*4 

55-7 

62-5 

71-5 

73-6 

Amylciie    . 

58-3 

65-2 

73-6 

77-7 

82-3 

Sulphuric  ether 

63-3 

73-5 

76-1 

78-6 

85-2 

Acetic  ether 

t                          •  •  • 

74-0 

'      78-0 

82-0 

86-1 

Formic  ether 

65-2 

76-3 

79-0 

8fO 

87-0 

!     Alcohol 

67-3 

78-6 

83-6 

85-3 

89-1 

Water 

80-7 

86-1 

1      88-8 

1 

91-0 

91  0 

1 

1 

With  the  same  source  of  heat — namely,  a  red-hot  platinum  spiral 
— the  absorption  of  the  vapours  of  these  liquids  at  a  pressiu*e  of  half 
an  inch  of  mercury  was  found  to  be  as  follows : — 


VaiK>ur. 


IMsulphide  of  carbon 
Chloroform     . 
Iodide  of  methyl    . 
loilide  of  ethyl 
Benzole  . 


Absorption. 


4-7 

6-5 

9-6 

17-7 

20-6 


Vai)Our. 


Amylene 
Alcohol  . 
Formic  ether  . 
Sulphuric  ether 
Acetic  ether    . 


Abs(>ri>tion. 


27-5 
28-1 
31-4 
31-9 
34-6 


Comparing  this  table  with  the  preceding  one,  we  see  that  the  order 
of  absorption  is  the  same  in  both  as  far  as  amylene.     Alcohol  and  the 
ethers  are  still  characterised  by  strong  absorption  in  both  lists,  although 
their  order  becomes  inverted  in  passing  from  the  liquid  to  the  gaseous 
condition.     This  inversion,  however,  arises  from  the  fact  that  the  com- 
parison has  been  made  between  licjuids  taken  at  a  common  thickness 
und   vapours  at  a  common  pressure  and  volume.     Now,  if  the  equal 
layers  of  the  liquids  employed  were  converted  into  vapour,  the  volumes 
obtained  at  a  common  pressure  would  not  be  the  same.     Hence,  in 
the   foregoing  comparison,  the  quantities  of  matter  traversed  by  the 

*   Tlie  altered  value  of  the  rcHection  at  the  inner  surfaces  of  the  cell  jilates  when 
empty  and  filled  with  liquid  is  neglected,  and  this  riuantity  may  be  very  appreciable. 


560  THEORY  OF  HEAT 


CHAP.  VI 


beam  of  radiant  heat  are  not  in  the  same  proportion  in  the  two  cases, 
and  to  render  the  comparison  strict  they  ought  to  be  proportional 
The  correction  in  this  respect  is  easily  applied  when  we  know  the 
specific  gra\ntie8  of  the  liquids  and  their  vapour  densities,  and  when 
applied  it  is  found  that  the  order  in  both  lists  as  regards  absorption 
becomes  exactly  the  same,  so  that  the  discrepancies  appearing  in  the 
foregoing  tables  are  removed  ;  or,  in  other  words,  it  is  proved  that  for 
heat  from  the  same  source  the  order  of  absorption  for  liquids  and  their 
vapours  is  the  same. 

It  appears  then  that  in  the  main  the  molecules  maintain  their 
characteristics  as  absorbei*s  of  radiant  heat,  although  the  state  of 
aggregation  changes,  and  if  any  inference  be  allowed  we  should  expect 
that  aqueous  vapour  would  be  exceedingly  opaque  to  thermal  radiation, 
for,  as  we  have  already  seen,  pure  water  stands  at  the  bottom  of  the 
list  as  a  transmitter  of  radiant  heat. 

I'his  anticipation  as  to  the  opacity  of  aqueous  vapour  seems  to 
have  been  fully  verified  by  the  experiments  of  Tyndall,  but  subsequent 
investigations  by  Magnus  and  others  by  different  methods  brought 
the  matter  into  warm  dispute,  for,  while  Tyndall  with  one  form  of 
apparatus  found  the  absorption  of  aqueous  vapour  to  be  enormously 
greater  than  that  of  dry  air,  Magnus  with  another  found  no  such 
difference  of  absorbing  power. 

In  face  of  these  very  different  results  on  the  absorption  of  such  an 
important  vapour  as  that  of  water,  by  men  who  had  already  proved 
themselves  possessed  of  the  highest  experimented  skill,  it  may  be 
well  to  give  here  a  brief  account  of  the  methods  adopted  and  of  the 
objections  raised  by  each  to  the  apparatus  of  the  other. 

AgrEors  Vapour 

271.  Tyndairs  Experiments. — The  low  diathermancy  of  pure 
water  prepared  Tyndall  to  expect  that  aqueous  vapour  would  also 
prove  itself  highly  opaque  to  radiant  heat,  and  this  expectation  was 
surprisingly  confirmed.  Pure  dry  air  being  admitted  into  the  ex- 
perimental cylinder  a  deflection  of  scarcely  1  was  observed.  Making 
a  similar  experiment  with  the  undried  air  of  the  room  the  needle 
moved  through  48  .  This  corresponded  to  an  absorption  of  72 — that 
is  to  say,  the  aqueous  vapour  contained  in  the  air  absorbs  72  times 
the  quantity  of  heat  al)sorbed  hy  the  air  itself.  This  figure  is  rendered 
all  the  more  surprising  when  we  remember  that  the  quantity  of  vapour 
in  the  air  amounts  to  less  than  one-half  per  cent. 

This  result,  if  true,  is  of  such  importance  in  the  science  of  meteor 
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ogy  that  it  ought  to  be  subjected  to  the  most  careful  examination, 
id  the  closest  scrutiny  of  the  whole  matter  seems  to  have  been  carried 
It  by  Tyndall.  Rock-salt  is  a  hygroscopic  substance,  and  it  might 
3  supposed  that  the  aqueous  vapour  condenses  on  the  faces  of  the 
>ck-salt  plates  which  close  the  ends  of  the  experimental  tube,  and 
lat  in  this  manner  a  thin  film  of  aqueous  salt  solution  is  formed, 
hich,  as  appears  from  Melloni's  tables,  is  highly  opaque  to  radiant 
Bat,  though  not  more  opaque  than  pure  water.  The  question,  there* 
►re,  arises  whether  in  the  foregoing  experiment  the  absorption 
3served  is  not  in  reality  due  to  thin  films  of  moisture  deposited  on 
le  plates.  The  aqueous  vapour  might  also  become  condensed  on  the 
alls  of  the  cylinder  so  that  the  reflection  from  its  sides  might  become 
Tiously  diminished,  and  the  apparent  absorption  might  arise  from 
lis  diminution  of  the  reflecting  power  of  the  interior  surface  of 
le  cylinder.  So,  again,  it  has  been  suggested  by  Magnus  that  the 
ondon  air  is  always  impure  and  to  some  extent  mi9ty  from  suspended 
latter,  which,  though  it  be  so  small  as  to  escape  the  eye,  yet  may  be 
ifficient  to  stop  by  reflection  a  considerable  portion  of  the  radiant 
eat.  In  order  to  meet  this  objection  ^  Tyndall  examined  samples  of 
ir  brought  from  the  Isle  of  Wight  and  other  localities,  but  always 
btained  the  same  result.  The  other  objections  are  more  serious,  and 
emand  special  precautions  and  modifications  of  the  apparatus.  The 
Tect  of  a  variation  of  reflecting  power  of  the  inner  surface  of  the 
ibe  might  be  determined,  at  least  to  some  extent,  by  blackening  the 
iside,  but  this  method  of  experiment  does  not  appear  to  have  been 
rosecuted  by  Tyndall  with  sufiicient  fulness.  Some  experiments  are 
escribed  in  which  the  inside  of  the  cvliuder  was  lined  with  black  for 
ilf  its  length,  and  from  these  it  was  concluded  that  the  high  absorp- 
on  obtained  for  aqueous  vapour  did  not  arise  from  this  cause.  Fuller 
jcperiments,  in  which  the  whole  of  the  interior  of  the  tube  was 
lackened,  would  have  been  more  satisfactory,  and  it  is  difficult  to 
nderstand  why  half-measures  were  resorted  to  in  this  important 
latter. 

With  regard  to  the  first  objection — namely,  the  deposition  of 
loisture  on  the  rock-salt  plates — the  precautions  taken  were  as  follows. 
1  the  first  place,  it  was  assumed  that  the  plate  nearest  the  source  of 
eat  always  remained  free  from  this  source  of  error  on  account  of  its 
roximity  to  the  source  of  heat.  The  distant  plate  was  assumed  to 
e  the  only  one  in  danger,  and  to  protect  it  one  of  the  conical  reflectors 
as  removed  from  the  pile  and  placed  within  the  cylinder,  with  its 

J   If  such  au  objection  were  allowed,  invisihh'  particles  or  globules  might  equally 
'  introduced  to  explain  all  absorption  by  gases. 
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narrow  end  abutting  against  the  rock-salt  plate,  while  the  spMe 
between  it  and  the  metal  tube  was  filled  with  fragments  of  fond 
chloride  of  calcium.  The  face  of  the  pile  from  which  the  reflector  wis 
removed  was  then  brought  close  up  to  the  rock-salt  plate,  and  the 
experiments  were  proceeded  with  as  before.  The  chloride  of  caldoffl 
kept  the  circumferential  portions  of  the  plate  perfectly  dry,  and  the 
whole  beam  of  radiant  heat  was  converged  by  the  reflector  on  the 
central  part.  With  this  arrangement  it  was  supposed  that  the  de- 
position of  moisture  on  the  plate  was  impossible.  On  examining  the 
plate,  even  with  a  lens,  no  trace  of  moisture  could  be  detected  on  it, 
the  polish  remaining  perfect  throughout 

Further,  the  plates  of  rock-salt  were  dispensed  with  entirely,  and 
the  experimental  tube  was  left  open  at  both  ends,  the  arrangement  of 
the  apparatus  being  as  shown  in  Fig.  159.  In  order  to  avoid  agiU- 
tion  of  the  surrounding  atmosphere  while  the  air  was  being  introduced 
into  the  open  tube,  it  was  arranged  that  dry  air  could  be  allowed  to 


u 


Fig.  159. 


enter  the  tube  slowly  through  the  tap  C,  while  D  was  connected  with 
an  air  pump  which  was  slowly  worked,  so  that  the  dry  air  was 
drawn  from  C  towards  D.  Thus  throughout  the  central  portion 
of  the  tube  a  column  of  moist  air  could  be  displaced  by  dry  air,  and 


rice  versa. 


In  making  an  experiment  with  this  apparatus  the  tube  was  at  first 
filled  with  the  common  air  of  the  laboratory,  and  the  needle  wa» 
brought  to  zero  l)y  the  compensiiting  cube.  Dry  air  was  then  allowed 
to  enter  slowly  and  displace  the  moist  air  which  initially  occupied  the 
tube.  As  soon  as  the  dry  air  was  allowed  to  enter,  the  needle  com- 
menced to  move  and  finally  stood  at  a  deflection  of  45'^.  When  the 
supply  of  dry  air  was  cut  off  the  deflection  commenced  to  fall,  but 
with  great  slowness,  indicating  a  slow  diffiision  of  the  aqueous  vapour 
through  the  dry  air  of  the  tube.  If  the  pump  was  worked  the  dn* 
air  was  removed  more  quickly  and  the  needle  sank  rapidly  to  zero. 
The  result  of  all  these  experiments  was,  therefore,  to  confirm  the  con- 
clusion already  arri\ed  at  by  Tyndall  as  to  the  high  absorptive  power 
of  aqueous  vapour  for  radiant  heat. 
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Humid  air  was  also  tested  at  vaiious  pressures,  and  the  results 
verified  the  anticipation  that  the  absorption  varies  directly  as  the 
quantity  of  vapour  present.  The  third  column  of  the  following  table 
was  calculated  on  this  supposition,  and  it  can  scarcely  be  supposed 
that  results  so  regular  as  these  can  be  due  to  condensation  of  the 
vapour  on  the  interior  surface.  Besides,  under  the  pressure  of  5  inches 
the  quantity  of  vapour  within  the  tube  is  less  than  one-sixth  of  the 
quantity  necessary  to  saturate  the  space — a  dryness  unapproached  by 
our  driest  days. 


Humid  . 

AlK 

Absorption. 

Pressure. 

* 

Observed.        |       Calculated. 

5  inches 

16 

16 

10       ,, 

32 

32 

15       „ 

49 

48 

20       ,, 

64 

i 

64 

25       „ 

82 

80 

30       „ 

96 

96 

In  conclusion,  it  may  be  remarked  that  as  the  air  generally  operated 
with  was  that  of  the  laboratory,  there  appears  to  be  no  particular 
reason  why  the  moisture  should  condense  on  the  inside  surfaces  of  the 
plates  more  than  on  the  outside,  and  it  is  well  known  that  a  plate  of 
rock-salt  exposed  in  the  open  air  is  highly  diathermanous,  which  shows 
that  opacity  to  radiant  heat  is  not  introduced  in  this  manner  in  the 

open  air. 

272.  Magrnus's  Experiments. — The  experiments  of  Professor 
Magnus  ^  on  the  diathermancy  of  gases  were  conducted  chiefly  with  the 
apparatus  shown  in  Fig.  1 60.  This  consisted  of  two  glass  vessels  having 
their  bottoms  fused  together,  one  being  much  larger  than  the  other. 
The  smaller  one,  C,  stood  upright,  and  acted  as  the  source  of  heat, 
being  partly  filled  with  water  which  was  kept  at  the  boiling  point  by 
a  current  of  steam  passed  through  the  tube  jp^.  The  larger  vessel  BF 
was  turned  mouth  downwards,  and  had  its  mouth  FF  ground  down  so 
that  it  could  be  placed  like  an  ordinary  receiver  on  the  plate  of  an  air 
pump  and  exhausted,  while,  by  means  of  the  cocks  H  and  K,  it  could 
be  filled  with  any  gas  desired.  It  was  surrounded  by  a  water  bath, 
MM,  kept  at  15""  C.  Within  this  experimental  space  a  thermopile  S, 
with  its  axis  vertical,  was  attached  to  the  plate  of  the  air  pump,  and 

^  Magnus,  Pogg,  Ann.,  vol.  cxii.  p.  531  ;  Phii.  Mag.^  vol.  xxii.,  1861. 
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e  face  was  directed  towards  the  common  surface  of  the  two  vessels 
which  had  been  fused  together.  Thu 
surface  was  heated  to  100°  C.  by  the 
liot  water  and  acted  as  the  radubv. 
The  pile  could  be  exposed  to  ikt 
radiation  or  protected  from  it  at  pleas- 
ure by  means  of  a  mo^'abIe  screen,  «, 
and  the  entire  space  between  the 
pile  and  the  radinting  sur^ice  could 
be  rendered  a  vacuum  or  filled  with 


Experimenting  in  this  way,  Magniis 
found  that  air  and  oxygen  iotercepted 
over  1 1  per  cent  of  the  beat  radiated 
by  the  source,  while  hydrogen  cut 
off  more  than  14  per  cent,  Tyndall, 
on  the  other  band,  after  using  ever; 
precaution,  found  that  these  gases 
were  practically  vacua  to  radiant 
heat  With  the  more  powerful  com- 
pound gases,  on  the  other  hand, 
Tyndall  found  a  considerably  stronger 
action  than  Magnus.  Thus  with  de- 
fiant gas  Magnus  found  an  absorptioD 
of  less  than  54  jwr  cent,  whereas 
Tyndall  obtained  more  than  72.  This 
result,  however,  was  to  be  expected. 
as  the  length  of  gas  traversed  by  the 
radiant  heal  in  the  experiments  of  the 
former  was  under  1,")  inches,  whereas 
in  those  of  the  latter  it  was  33.     The 


followiTig  table  is  taken  from  Magnus's  memoir  :— 


Oxygen 
Hjdro^n   . 
CaTbouic  auid 
Carbonic  o\id« 


Protoside  of  nitrogen 
Marsh  ^s  ■ 
C\a,\aojfeu    , 
Oietiant  gaa 


74  OS 


Magnus  also  describes  a  series  of  experiments  in  which  the  soaree 
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f  heat  was  a  powerful  gas-flame,  surrounded  by  a  glass  chimney,  and 
rovided  with  a  parabolic  mirror  to  reflect  and  concentrate  the  rays. 
n  this  series  the  foregoing  apparatus  was  dispensed  with,  and  the  gas 
nder  examination  was  enclosed  in  a  glass  tube  1  metre  long  and 
i5  mm.  in  diameter,  the  two  ends  of  which  were  stopped,  not  by 
dates  of  rock-salt,  as  in  TyndalFs  experiments,  but  by  plates  of  glass 
mm.  thick. 

Two  series  of  experiments  were  executed  with  this  tube,  one 
n  which  the  interior  surface  was  covered  with  black  paper,  and  the 
►ther  in  which  it  was  uncovered.  The  former  method  had  been 
)reviously  employed  by  Dr.  Franz,  and  the  results  obtained  by 
^lagnus  in  the  case  of  air  and  oxygen  agree  closely  with  those  of 
Tranz,  the  former  obtaining  an  absorption  of  about  2  J  per  cent 
or  these  gases  in  the  blackened  tube,  while  Franz  obtained  about 
\  per  cent. 

In  the  case  of  the  unblackened  tube,  however,  the  absorption  was 
ound  to  be  much  more  considerable.  Here  air  and  oxygen  cut  oflf 
A'75  per  cent,  while  hydrogen  intercepted  16*23  per  cent.  This 
^eat  difference  between  the  actions  in  the  unblackened  and  the 
)lackened  tubes  is  ascribed  by  Magnus  to  a  change  of  quality  of  the 
leat  produced  by  its  reflection  at  the  interior  surface  of  the  glass. 
The  results  are  contained  in  the  following  table  : — 


Blackenwl 

Unblackened 

Tube. 

Tub«». 

1 

Vacuum                   100 

100 

Air         .... 

97/16 

85-25 

Oxygen 

97  06 

1 

85"25 

Hydrogen 

96-43 

83-77 

Carbonic  acid 

1         91-81 

78-08 

Carbonic  oxide 

91-85 

72-05 

Protoxide  of  nitrogen 

.     '■         87-85 

75-50 

Marsh  gas 

95-87 

76-61 

Olefiant  gas    . 

64-10 

59-96 

» J           j>      • 

65-39 

60-99 

Ammonia 

58  12 

55-00 

1 

We  now  come  to  the  case  of  aqueous  vapour.  With  both  the  gas-  Aqueous 
tlame  and  the  boiling  water  as  sources  of  heat,  Magnus  found  the  effect  ^'*P^"^* 
3{  dry  air  to  be  precisely  the  same  as  that  of  moist  air  saturated  with 
vapour.  He  concluded  from  his  experiments  "  that  the  water  present 
in  the  atmosphere  at  16^  C.  exercises  no  perceptible  influence  on  the 
:^diation.'*  The  vast  difference  obtained  by  Tyndall  in  the  behaviour 
>f  moist  and  dry  air  to  radiant  heat  has  been  already  noticed,  and  as 
-hese  discrepancies  were  attributed  by  Magnus  to  condensation  on  the 
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interior  surface  of  Tyndairs  experimental  tube  and  on  the  rockaJt 
plates,  so  Tyndall  in  turn  attributed  them  to  sources  of  error  inherent 
in  Magnus's  method  of  experiment.  Thus  Magnus  in  his  fint 
apparatus  (Fig.  160)  avoided  the  use  of  plates  of  any  kind;  but  in 
order  to  do  this  he  was  compelled  to  bring  his  gas  into  direct  oonttct 
with  his  source  of  heat.  Convection  currents  may  in  this  manner  be 
set  up  within  the  experimental  chamber,  and  Tyndall  held  that  die 
results  obtained  by  Magnus  were  largely  affected  by  this  source  of 
error,  the  greater  convection  of  hydrogen  also  accounting  for  the  difler- 
ence  obtained  by  Magnus  between  this  gas  and  air.  So  also  Magnus 
used  glass  plates  to  close  his  experimental  tube,  and  these,  according 
to  Tyndall,  become  heated  and  radiate  to  the  pile  as  secondary  soniees. 
On  the  introduction  of  a  gas,  however,  the  plates  become  cooled  by 
convection  and  conduction,  and  the  effect  of  this  cooling  on  the  pile  is 
the  same  as  if  a  true  absorption  took  place  within  the  gas. 

278.  Experiments  of  Lecher  and  Pernter. — More  recently  a 
series  of  experiments  on  the  absorption  of  radiant  heat  by  gases  and 
vapours  has  been  published  by  Ernst  Lecher  and  Joseph  Pernter ;  ^  hot 
these  new  investigations,  instead  of  settling  the  question  in  dispute 
between  Tyndall  and  Magnus  as  to  the  comparative  absorptions  of  diy 
and  moist  air,  place  the  whole  matter  in  a  state  of  greater  uncertainty 
For  whereas  Tyndall  found  an  exceedingly  low  absorption  for  dry,  and 
a  high  absorption  for  moist  air,  while  Magnus  found  the  same  absorp- 
tion for  both,  and  that  tolerably  high,  the  results  of  the  experiment*; 
of  Lecher  and  Pernter  show  practically  no  absorption  for  either ;  or,  in 
other  words,  both  dry  and  moist  air  act  as  a  vacuum  towards  radiant 
heat. 

The  method  adopted  in  these  investigations  was  similar  to  that 
employed  by  Magnus,  the  source  of  heat  and  the  thermopile  being  in 
the  same  chamber  as  the  gas  under  examination.  In  order  to  avoid 
convection  currents,  however,  a  special  heating  arrangement  was 
adopted,  wherel>v  the  radiating  surface  was  suddenly  brought  to 
100  C.  by  directing  a  jet  of  steam  against  it.  The  apparatus  was  for 
this  reason  a  considerably  modified  form  of  that  of  Magnus.  The 
thermopile  and  gas  under  consideration  were  contained  in  an  inverted 
glass  bell- jar,  with  the  open  end  upwards.  The  pile  was  placed  on  a 
wooden  support  on  the  bottom  of  this  vessel  without  a  conical  reflector 
or  any  similar  ai  rangement  for  collecting  the  rays,  and  its  upper  face, 
which  was  carefully  covered  with  lami)-black,  was  directed  upwards 
towards  the  source  of  lieat,  while  the  lower  face  was  protected  against 

^  Lecher  and  Pernter,  ^itih.  dcr  k.  Akad.  der  JFisscnsch.  in  Ji'ien,  July  1^^^' 
Phil.  J/a(/.,  January  18.^1. 
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changes  of  temperature  by  a  packing  of  cotton- wool.  The  mouth  of 
the  bell-jar,  or  experimental  chamber,  was  closed  by  a  special  vessel 
which  carried  the  radiating  surface,  and  replaced  the  upper  or  hot- 
water  vessel  in  the  apparatus  of  Magnus.  The  radiating  surface  was 
a  thin  copper  plate  covered  with  lamp-black,  and  was  situated  at  a 
distance  of  310  mm.  from  the  pile. 

In  making  an  experiment  the  temperature  of  the  whole  apparatus 
was  allowed  to  become  uniform,  and  then  a  jet  of  steam  was  suddenly 
directed  against  the  radiating  plate.  By  keeping  the  boiler  constantly 
filled  to  the  same  level,  and  heating  it  with  a  steady  flame,  it  was 
arranged  to  always  direct  equal  quantities  of  vapour  on  the  plate  in 
each  of  a  series  of  experiments,  so  that  the  plate  was  always  heated  to 
the  same  extent.  The  steam  tube  was  put  into  place  by  one  person, 
while  the  galvanometer  was  observed  by  another,  and  the  whole  time 
of  an  observation  occupied  about  one  minute  and  a  half.  In  this  way 
it  ^va8  supposed  that  all  error  arising  fi*om  convection  currents  was  com- 
pletely  avoided,  for  it  was  not  until  the  sixth  or  eighth  reversal  of  the 
needle  in  each  experiment  that  the  effects  of  currents  became  per- 
ceptible. 

In  this  manner  it  was  found,  as  has  been  already  mentioned,  in 
opposition  to  the  results  of  Tyndall,  that  the  absorption  of  aqueous 
vapour  is  excessively  small,  and,  as  in  the  case  of  air,  practically  im- 
perceptible. They  thus  confirm  the  view  of  Magnus  with  regard  to 
aqueous  vapour,  but  they  contradict  his  result  for  air.  The  numbers 
obtained  for  other  gases  agree  fairly  well  with  those  given  by  Tyndall, 
but  in  the  case  of  vapours  considerable  differences  exist. 

274.  Comparison  of  Results.  —  These  contradictory  results, 
obtained  by  most  careful  and  experienced  expei-imenters,  arise  un- 
doubtedly from  the  great  difficulties  attending  observations  in  this 
department.  No  method  seems  to  have  been  yet  employed  which  is 
perfectly  free  from  objection.  These  differences  are  strikingly  illus- 
trated in  the  case  of  air.  Thus  Tyndall  obtained  no  appreciable 
absorption  for  a  layer  of  air  1*22  metres  thick,  and  this  result  is  sup- 
ported by  the  work  of  Lecher  and  Pernter.  Magnus,  on  the  other 
hand,  found  that  a  layer  of  air  275  mm.  thick  absorbed  11  per  cent  of 
the  radiation,  and  Buff  ^  believed  that  he  observed  an  absorption  of  40 
per  cent  by  a  layer  of  air  only  45  mm.  thick  ! 

The  method  of  experiment  in  which  the  thermopile  and  source 
of  heat  were  both  in  the  experimental  chamber  containing  the  gas 
has  been   employed  by  Magnus,   and  then  by  Garibaldi  ^  and  Buff*. 

1  Buff;  Pogg-  ^««-»  vol.  clviii.  p.  177,  1876  ;  Phil.  Mag.  (5),  vol.  iv.  p.  401,  1877. 

^  //  Nvovo  CimerUOf  2nd  Series,  vol.  iii.  1871. 
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Tyndall  justly  objects  to  this  method  on  account  of  the  convection 
currents,  and  this  source  of  error  appears  to  have  been  recognised  br 
Magnus,  as  he  did  not  return  to  the  question.  Buff  endeavoured  to 
avoid  it  by  rapidly  heating  the  radiating  siurface,  and  the  same  plan, 
we  have  seen,  was  adopted  by  Lecher  and  Pernter.  Garibaldi  employed 
a  concave  mirror  to  concentrate  the  heat  rays,  and  obtained  the 
enormous  absorption  of  92  per  cent  for  aqueous  vapour  ! 

Tyndall,  on  the  other  hand,  chiefly  employed  the  method  in 
which  both  the  source  of  heat  and  the  thermopile  are  outside  tbc 
experimental  space.  This  necessitates  the  use  of  diathermanous  plates 
to  close  the  ends  of  the  experimental  tube.  For  this  purpose  glass 
plates  were  employed  by  Franz  and  Magnus,  and  the  objections  to 
glass  for  this  purpose  have  been  considered.  Tyndall  employed  rock- 
salt,  which  is  much  more  highly  diathermanous,  but  according  to 
TyndalVs  own  experimentsp  this  substance  is  not  perfectly  diaUier- 
manous,  and  it  is  just  possible  that  it  may  absorb  the  same  rays  as 
those  intercepted  by  air.  This  objection  has  been  raised  by  Buft 
and,  if  true,  the  radiation  would  be  sifted  before  entering  the  air 
in  the  tube,  and  the  low  absorption  obtained  by  Tyndall  for  air 
would  be  accounted  for.  This  objection  does  not  appear,  however,  to 
have  been  confirmed,  and  Tyndall  ^  seems  to  have  completely  refuted 
it.  The  employment  of  rock-salt  seems,  therefore,  to  be  permissible  in 
experiments  with  dry  gases,  since  the  percentage  of  rays  absorbed  does 
not  appear  to  be  materially  influenced  l)y  its  imperfect  diathermancy. 
The  case  is  different,  however,  with  vapours,  for  these  may  condense 
on  the  plates  and  on  the  walls  of  the  experimental  tube,  and  thus  form 
an  important  source  of  error. 

[It  is  now  fully  established  that  pure  air  is  highly  diathermanous, 
but  that  the  acjueous  vapour  and  carbon  dioxide  present  in  ordinary 
air  possess  a  well-marked  absorbing  power.] 

*  TyiuliiU.  Proc.  liOtj.  Soc.  vol.  xxx.  p.  19,  1879. 
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275.  The  Differential  Thermometer. — In  the  preceding  investiga- 
tions on  the  laws  of  cooling,  the  temperatures  were  registered  by 
ordinary  liquid-in-glass  thermometers.  The  general  study  of  radia- 
tion, however,  required  some  much  more  sensitive  temperature- 
registering  apparatus,  and  the  great  advances  in  this  subject  followed 
the  invention  of  more  and  more  delicate  instruments  for  the  detection 
of  feeble  radiation.  All  the  most  valuable  of  these  instruments 
depend  in  principle  on  the  thermo-electric  properties  of  matter. 

The  first  instrument  specially  invented  for  the  study  of  radiant 


Fig.  161. 


Fig.  10-2 


heat  was  a  species  of  air  thermometer  designed  by  Sir  J.  Leslie,  and 
in  his  hands  this  instrument  (which  is  now  of  little  more  than  historic 
interest)  rendered  important  service.  In  Leslie's  form  of  the  apparatus 
(Fig.  161)  two  equal  bulbs,  C  and  D,  filled  with  air  are  connected,  as 
shown  in  the  diagram,  by  a  narrow  bent  tube  which  contains  some 
non-volatile  liquid,  such  as  sulphuric  acid.  When  the  two  bulbs  are 
at  the  same  temperature,  the  liquid  stands  at  the  same  level  in  the 
two  arms  of  the  tube ;  but  if  one  of  the  bulbs  is  heated,  the  pressure 
of  the  air  within  it  increases,  and  the  liquid  is  forced  towards  the 
cooler  bulb  by  the  expanding  air  in  the  warmer.     The  level  of  the 
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liquid  in  the  arm  to  which  the  warmer  bulb  is  attached  will  thus  be 
lower  than  the  level  in  the  other  arm,  and  from  the  difference  of  lerei 
the  difference  of  temperature  may  be  estimated. 

Thus  since  the  bulbs  are  equal,  and  the  liquid  stands  at  the  same  level  in  the 
arms  when  the  temperature  is  the  same,  it  follows  that  the  mass  of  air  in  one  bulb 
is  the  same  as  that  in  the  other.  If  the  zero  mark  of  the  scale  \)e  the  point  at 
which  the  level  of  the  liquid  stands  when  the  two  bulbs  have  the  same  temperatniv. 
and  if  r  denotes  the  volume  of  each  scale  division  of  the  tube,  then  when  the  surface 
of  the  liquid  stands  n  divisions  below  the  zero  mark  in  one  arm,  and  it  di\'isioiu 
above  it  in  the  other,  the  volumes  occupied  by  the  air  in  these  arms  will  be  V  and 
V  +  2nv  respectively,  and  the  corresponding  temperatures  of  the  bulbs  will  be  9  and 
0  + A9.  In  addition,  the  pressure  in  the  colder  bulb  will  be  P,  and  if  the  pressure 
due  to  the  weight  of  each  scale  division  of  the  liquid  be  p,  the  pressure  in  the 
warmer  bulb  will  be  P  +  2«;>,  and  consequently  applying  the  equation  PV  =  R8 
to  each  arm  we  have 


PV_(P  +  2w;))(V  +  2wr 


')_2n?yfp     v\ 


since  p/F  and  v/V  are  both  small,  the  final  member  being  obtained  by  subtracting 
the  numerator  and  denominator  of  the  first  from  the  corresponding  terms  of  th« 
second.     The  equality  of  the  first  and  third  members  gives  at  once 


Ae  =  2ne 


(^v)• 


If  the  colder  bulb  be  at  zero  centigrade,  then  8  =   ,  and  further,  if  the  volume  V 

be  replaced  by  V©,  the  volume  of  either  bulb  uj)  to  the  zero  mark,  and  P  by  P^.  the 
pressure  when  the  liquid  stands  at  the  siinie  level  in  the  two  anus,  we  have  the 
approximate  equation 

A  modified  form  of  Leslie's  apparatus  was  designed  by  Count 
Rumford,  which  possesses  much  greater  delicacy  than  the  original.  In 
Rumford's  form  (Fig.  162)  the  liquid  column  is  reduced  to  a  simple 
index  moving  along  the  horizontal  part  of  the  tube  which  joins  the 
bulbs,  so  that  the  pressure  in  one  bulb  is  always  equal  to  that  in  the 
other. 

If  the  index  be  displaced  n  divisions  fn)m  the  zero  mark,  we  have  in  this  case 

V_  V-f-2//r_2/*r 
B  ~  e  +  A(^  ~  A0  ' 

where  V  is  the  volume,  and  8  the  temiK?rature  of  air  in  the  colder  arm. 
Henee 

or  a])proxiniatelv 

10  J"  '■  • 

a    \„ 

A  modified  form   of  the  ditt'erential  thermometer  has  also  been 
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devised  by  Matthiessen,  which  can  be  used  conveniently  with  liquids. 
For  this  object  the  arms  to  which  the  bulbs  are  attached  are  bent 
round  twice  at  right  angles,  so  that  the  bulbs  hang  downwards,  and  can 
be  easily  dipped  into  liquids,  and  the  diflference  of  temperature  of  two 
liquids  can  thus  be  registered.  The  differential  thermometer,  when 
employed  as  a  radiometer,  is  less  sensitive  than  a  simple  air  ther- 
mometer, for  when  the  index  moves  under  the  expansion  of  the  air  in 
one  of  the  bulbs  an  increase  of  pressure  is  set  up  in  the  other,  and 
this  reduces  the  displacement  of  the  index  which  would  otherwise 
occur. 

276.  The  Thermopile. — The  thermopile  is  probably  the  most 
celebrated  instrument  ever  designed  for  the  study  of  radiant  heat,  for 
although  it  has  been  surpassed  in  delicacy  and  quickness  of  action  by 
more  recent  forms  of  apparatus,  yet  it  is  to  the  services  of  the  thermo- 
pile that  we  owe  the  researches  of  Melloni  and  Tyndall,  as  well  as 
nearly  all  the  advances  that  have  since  been  made  in  the  study  of  radia- 
tion. This  instrument  was  invented  by  Nobili,  and  in  its  action  is 
based  on  a  discovery  made  by  Seebeck  about  1820,  that  when  two  wires 
of  different  metals  are  joined  end  to  end  so  as  to  form  a  closed  circuit, 
then  when  one  of  the  junctions  is  heated,  or  cooled,  an  electric 
current  passes  round  the  circuit,  and  this  current  continues  to  flow 
as  long  as  any  difference  of  temperature  exists  between  the  two 
junctions. 

The  most  elementary  form  of  such  an  apparatus  is  shown  in  Fig. 
163,   where    A    and   B  are 

the    junctions   of    two    dis-  A<C^  ^— ^  ZI^B 

similar  wires,  the  wires  being 
soldered  together  at  these 
points,  and  one  of  them  being  ^*^*  ^^* 

in  circuit  with  a  galvanometer  G.  As  long  as  A  and  B  are  at 
different  temperatures,  a  current  passes  round  the  circuit  and  deflects 
the  needle  of  the  galvanometer.  When  the  two  junctions  are  at  the 
same  temperature,  as  when  they  are  both  immersed  in  the  same 
bath,  there  is  no  current,  and  the  galvanometer  needle  remains 
steady,  but  as  the  difference  of  temperature  increases  the  current 
strength  increases,  and  the  deflection  of  the  needle  augments 
accordingly. 

We  have  here,  therefore,  a  means  of  estimating  differences  of 
temperatiure,  and  on  this  propert}'  a  scale  of  temperature  might 
be  founded  by  saying  arbitrarily  that  the  current  strength  in  the 
circuit  is  proportional  to  the  difference  of  the  temperatures  of  the 
two  junctions  just  as  legitimately  as  on   the   expansion  of  merciu'y 
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or  any  other  liquid.  We  have,  however,  already  chosen  the  air, 
or  perfect  gas  thermometer  as  our  standard  of  reference,  and,  under- 
standing temperature  to  be  measured  in  this  way,  it  is  found  that 
the  current  strength  in  a  thermo-electric  circuit  is  not  exactly  pit)- 
portional  to  the  difference  of  the  temperatures  of  the  two  junctions, 
but  for  small  diflferences  it  is  nearly  so.  The  electromotive  force 
gradually  increases  with  the  difference  of  temperature ;  but,  as 
Gumming  discovered,  if  one  junction  is  kept  at  a  constant  tempera- 
ture, while  the  temperature  of  the  other  is  gradually  raised,  the 
current  strength  does  not  go  on  continually  increasing,  but  ultimately 
reaches  a  maximum,  after  which  it  decreases  and  ultimately  falls  to 
zero  again,  and  becomes  reversed,  so  that  the  deflection  of  the 
galvanometer  vanishes,  not  only  when  the  two  junctions  have  the 
same  temperature,  but  also  again  when  they  are  at  very  different 
temperatures.  The  mean  of  the  temperatures  of  the  two  junctions 
when  the  latter  occurs  is  found  to  be  always  the  same  for  the  same 
pair  of  metals,  and  is  called  their  neutral  ^  temperature.  The 
existence  of  this  phenomenon  utterly  disqualifies  the  thermo-electric 
couple  as  a  standard  of  measurement  of  temperature,  and  for  all 
purposes  of  measurement  the  instrument  must  be  empirically  graduated 
by  a  direct  comparison  of  its  indications  with  those  of  some  standard 
instrument. 

The  thermopile,  as  usually  constructed,  consists  not  of  a  single 
pair  of  wires,  but  of  several  pairs  arranged  in  such  a  way  that  a 
given  iliiference  of  temperature  produces  a  much  more  marked 
deflection  of  the  galvanometer  than  that  which  would  be  caused  by 
a  single  pair.  This  arrangement  is  indicated  in  Fig.  164,  which  shows 
a  system  of  pairs  of  little  bars  of  two  diff'erent  metals  soldered 
together,  and  arranged  so  that  the  alternate  bars  are  of  the  same 
metal,  and  thus  at  each  junction  two  dissimilar  metals  are  soldered 
together.  If  the  system  is  in  circuit  with  a  galvanometer  G,  and  if 
all  the  lower  junctions  are  at  one  temperature,  while  all  the  upper 
junctions  are  at  another,  then  the  electromotive  force  of  the  system 
will  be  equal  to  that  of  a  single  pair  multiplied  by  the  number  of 
pairs. 

In   practice   about   twenty-five   pairs,  each   consisting   of  a   small 

^  Siiuc  the  electromotive  force  vanishes  when  the  tenii>eratures  6^  and  0-2  of  the 
two  junctions  are  equal,  it  follows  that  B^  -  6.,  must  be  a  factor  of  the  expression  for 
the  electromotive  force.  In  the  same  way,  if  the  neutral  teniix?rature  be  B^^  then  the 
electromotive  force  vanishes  when  i(<^i -f  ^...)  =  ^o>  ^^d,  therefore,  ^o~i(^i  +  ^2)  '^^"^^ 
also  be  a  factor.  The  expression  for  the  electromotive  force  must  therefore  be  of 
the  form 
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bar  of  antimony  soldered  to  a  similar  bar  of  bismuth,  are  arranged, 
as  shown  in  Fig.  165,  in  the  form  of  a  rectangular  parallelopiped, 
the  pieces  being  carefully  insulated  from  each  other  by  some  insulating 
material,  such  aa  thin  paraffined  paper. 

In  conjunction  with  a  thermopile  it  is  necessary  to  use  a  galvan- 
ometer, and  in  constructing  a  delicate  instrument  it  is  necessary  to 
pay  due  attention  to  the  proper  construction  of  the  Utter.  AVith  a 
given  pile  the  best  galvanometer  to  work  with  is  one  whose  resistance 
is  equal  to  that  of  the  pile,  and  in  constructing  a  galvanometer  of 
some  predetermined  resistance,  what  is  required  is  to  wind  it  with 
as  many  turns  of  wire  as  possible,  especially  near  the  inside,  where 
each  turn  produces  the  greatest  effect.  The  question  also  arises  as 
to  what  number  of  couples  will  be  most  advantageous  in  a  thermopile. 
Now  it  is  clear  that  the  face  of  the  pile  need  not  exceed  the  area  on 
which  the  radiation  can  be  concentrated,  and  if  the  number  of  bars 


in  a  given  area  be  doubled  the  electromotive  force  will  be  doubled, 
but  the  resistance  of  the  pile  will  be  increased  four  times,  for  not 
only  are  there  twice  the  number  of  bai-s,  but  the  cross-section  of  each 
is  halved,  so  that  if  the  resistance  of  the  galvanometer  be  made  four 
times  as  great  by  winding  twice  the  num!>er  of  turns  of  wire  in  the 
same  space,  the  resistance  of  the  whole  circuit  will  be  four  times  as 
great,  and,  consequently,  the  current  will  be  half  as  great ;  but  as  it 
circulates  round  the  needle  twice  as  often,  the  deflection  will  be  the 
same  as  before.  Hence  the  deflection  will  be  the  same  with  one 
pair  and  a  corresponding  galvanometer  as  with  many  pairs  filling  the 
same  sjtace.  This  is  true  only  so  long  as  the  resistances  of  the 
connecting  wires  can  be  neglected,  and  as  it  is  often  necessary  to 
work  with  the  pile  at  some  distance  from  the  galvanometer,  the 
number  of  pairs  in  the  pile  sliorild  be  considerable,  for,  as  they  are 
increased,  the  effect  of  the  connecting  wires  becomes  less  and  less. 
Another  point  of  practical  importance  in  favour  of  a  large  number  of 
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pairs  is,  that  in  this  case  the  electromotive  force  is  large,  and  the 
disturbing  effects  of  accidental  electromotive  forces  are  of  smaller 
consequence — such,  for  example,  as  the  thermo-electric  effects  which 
may  occur  at  binding  screws  subject  to  accidental  changes  of  tem- 
perature b}'  handling,  etc.,  or  by  connecting  wires  moving  in  the 
earth's  magnetic  field. 

The  difficulties  attending  the  use  of  the  thermopile  as  a  sensitive 
and  accurate  radiometer  arise  from  the  comparative  slowness  of  its 
indications  and  the  length  of  time  required  for  it  to  return  to  zero. 
These  defects  unfit  it  for  many  delicate  experiments. 

277.  The  Bolometer. — An  instrument  depending  on  the  change 
of  electric  resistance  with  temperature,  and  surpassing  the  thermo- 
pile in  delicacy  and  merit  as  a  radiometer,  was  brought  out  in  1881 
by  Professor  Langley,^  and  named  the  bolometer  or  actinic  balance. 
This  instrument  was  designed  for  the  study  of  the  distribution  of  heat 
in  the  solar  spectrum,  and  in  the  hands  of  the  inventor  it  has  proved 
itself  a  fruitful  means  of  investigation  in  this  department,  not  merely 
detecting  the  presence  of  very  feeble  radiation,  but  also,  as  its  name 
indicates,  furnishing  a  measure  of  its  amount  (Fig.  166). 

The  working  part  of  the  instrument  consists  of  a  thin  strip  of 
steel,  platinum,  or  palladium  foil,  resembling  a  grating  or  system  of 
parallel  elements  of  the  same  metal  joined  so  as  to  form  a  continuous 
circuit.  This  system  of  strips,  or  grating  as  we  shall  call  it,  is 
punched  from  a  thin  sheet  of  the  foil,  giving  strips  about  1  cm.  long, 
i  mm.  wide,  and  y^  to  5^^  mm.  thick,  this  process  being  preferable 
to  that  of  soldering  the  ends  of  the  strips  together.  The  grating  is 
exposed  to  the  radiation,  and  is  placed  in  one  of  the  arms  of  a 
Wheatstone's  bridge,  and  a  similar  grating,  screened  from  all  radiation, 
is  placed  in  another  arm  of  the  bridge,  and  used  as  a  counterbalancing 
resistance.  This  arm  also  includes  a  resistance  which  can  be  varied, 
so  that  exact  balance  may  be  obtained  in  the  galvanometer  circuit. 
A  current  from  a  battery  of  one  or  more  Daniell's  cells  divides 
itself  between  the  two  systems,  one-half  parsing  through  each.     When 

^  Langley.  Proc.  Atucrkan  Acad.  0/  Arts  and  .Sciences ^  vol.  xvi.  p.  342,  1881. 

The  earliest  account  of  an  instrument,  depending  on  change  of  electrical 
resistance,  for  measuring  or  detecting  heat  api>ears  to  be  that  of  Svanberg  [Pocftj. 
Ann.,  vol.  .\.\iv.  ]».  416,  1851),  who,  for  this  jmrj^se,  introduced  a  Hat  spii-al  of 
blackened  copper  wire  into  one  of  the  arms  of  a  Wheatstone's  bridge.  Dr.  Baur  has 
published  two  pai)ers  on  the  Bolometer  {Proc.  Berlin  Phijs.  Soc.,  March  3  1882; 
Ann.  ffrr  Ph.  and  Ch..  vol.  xix.  p.  12,  1883).  He  constructed  his  j^ratinga  of  tinfoil, 
blackened  with  j)latinic  chloride,  and  this  sensitive  surface  ac<[iiires  its  final  tem- 
perature almost  instantaneously.  The  two  resistances  are  placed  side  by  side,  so 
that,  by  the  movenjent  of  a  shutter,  the  radiation  may  be  allowed  to  fall  on  one  or 
the  other  alternately,  and  thus  double  the  elfect. 


BADIOHETEBS 


575 


the  two  curreiits  are  equal,  the  needle  of  the  galvanometer  remains 
motionless,  but  when  heat  falls  upon  the  exposed  system,  the  resist- 
ance of  that  set  increases,  and  the  current  passing  through  it  is 
diminished,  with  a  consequent  deflection  of  the  galvanometer.  By 
this  means  a  change  of  temperature  of  so  little  as  mipo  of  a  degree 
centigrade  or  less  may  be  measured ;  and  from  the  excessive  thinness 
of  the  strips,  they  take  up  and  part  with  heat  almost  instuntaneausly, 
30  that  this  instrument  is  much  more  prompt  in  its  action  than  the 
thermopile.  It  is  also  much  more  accurate,  for  Professor  Langley 
estimates  the  error  of  a  single  measure  with  it  at  less  than  I  per  cent. 


To  protect  the  grating  from  air  currents  and  sudden  changes  of 
temperature  it  is  enclosi^d  in  a  chamber  lined  with  copper  to  secure 
an  equable  distribution  of  temperature.  This  chamber  is  contained  in 
a  long  cylinder  of  wood  or  ebonite,  which  is  also  furnished  with  four 
or  more  coaxial  cardboard  diaphragms  pierced  with  apertures  6  mm. 
in  diameter,  and  separated  by  ebonite  rings,  whiirb  form  a  succession 
of  drum-like  chambers  through  which  the  radiation  passes,  and  which 
effectually  stop  air  currents  from  without.  The  mouth  of  this  cylinder 
is  furnished  with  a  revolving  cardboard  disc  with  suitable  stops  which 
admit  or  shut  out  the  radiation  at  pleasure.  At  the  back  of  the 
copiwr-lined  chamber  containing  the  strips  is  a  layer  of  solid  non- 
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conducting  material  through  which  the  connecting  wires  pass  to 
binding  screws,  and  behind  this  is  a  chamber  containing  the  adjast- 
able  resistance  by  which  the  two  arms  of  the  bridge  may  be  counter- 
balanced to  perfect  equality.  It  is  advisable  to  have  the  two  arms  u 
equal  as  possible  at  first,  since,  if  unequal,  the  increment  of  resistance 
of  the  larger  caused  by  a  general  rise  of  temperature  exceeds  that  of 
the  smaller,  necessitating  a  frequent  readjustment  of  the  variable 
resistance,  and  producing  a  "  drift "  of  the  galvanometer  needle  which  . 
slowly  changes  its  direction  according  as  the  temperature  of  the  room 
rises  or  falls.  A  similar  drift  due  to  different  causes  also  affects  the 
thermopile  when  the  galvanometer  is  very  delicate. 

The  requirements  of  the  instrument  necessitate  in  the  construction 
of  the  grating  the  use  of  a  metal  of  high  electrical  resistance,  and  the 
resistance  of  which  changes  considerably  with  change  of  temperature. 
At  the  same  time  the  metal  requires  to  be  tenacious  as  well  as  ductile, 
and  not  liable  to  become  oxidised  or  changed  by  exposure  to  the  air. 
The  metals  which  seem  to  best  meet  these  requirements  are  steel, 
platinum,  and  palladium. 

The  bolometer  has  been  applied  by  Tschqlieeff  ^  in  the  measure- 
ment of  dielectric  constants,  and  in  the  detection  of  Hertzian 
waves. 

It  seems  difficult  to  believe  that  an  instrument  such  as  the  bolo- 
meter, which  depends  in  its  action  on  the  change  of  resistance  of  a 
wire  with  temperature,  a  variation  which  is  always  comparatively 
small,  could  be  made  to  surpass  or  even  approach  in  delicac}'  as  a 
radiometer  a  properly-designed  and  carefully-constructed  instrument 
such  as  the  thermopile,  which  depends  on  the  thermo-electromotive 
force  developed  by  diiference  of  temperature  at  the  junctions  of  two 
dissimilar  meUds.  If  an  instrument  of  the  latter  class  could  be 
constructed  as  delicately  as  Langley's  bolometer,  a  better  result  ought 
to  be  obtained.  The  one  point,  however,  in  which  the  bolometer  has 
a  great  advantage  is  the  smallness  of  the  mass  of  the  part  to  l>e 
heated,  whereas  in  the  thermopile,  however  delicate  the  bars  may  be, 
the  mass  is  so  large  that  the  rate  of  heating  and  the  ultimate  rise  of 
temperature  must  be  comparatively  small.  A  thermopile  cannot  be 
made  with  bars  of  antimonv  and  bismuth  as  thin  as  the  wires  of  the 
bolometer,  and  such  a  construction  would  be  necessary  in  order  to  use 
the  thermo-electromotive  force  with  the  same  advantage  as  the  varia- 
tion of  resistance  is  in  the  bolometer.  If  the  connecting  wires  had  no 
resistance  no  advantage  would  be  gained  by  having  more  than  a  single 
pair  of  bars  in  the  pile,   provided  the  galvanometer  were  properly 

^  Tscli(j[lieetf,  Journal  dc  la  SocUU  Physko-Chimique  Kussc,  1890,  p.  115. 
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proportioned,  and  the  mass  of  the  instrument  would  be  greatly 
diminished.  The  problem  on  hand  is  then  reduced  to  the  invention 
of  some  delicate  method  of  detecting  the  current  in  a  single  couple, 
and  the  solution  of  this  problem  has  been  given  by  Professor  C.  V. 
Boys  in  the  beautiful  instrument  named  the  radio-micrometer. 

278.  The  Radio-Micrometer. — The  active  part  of  the  instrument 
devised  by  Professor  Boys  ^  (the  radio-micrometer)  consists  of  a  very 
light  circuit  (Fig.  167)  composed  of  a  single  loop  of  fine  bare  copper 
wire,  to  the  lower  ends  of  which  a  pair  of  very  light  bars  of  antimony 
and  bismuth  ^  are  soldered.  These  bars  form  a  thermo-electric  couple, 
and  the  circuit  is  completed  by  soldering  them  side  by  side  at  their 
lower  ends  to  a  very  small  disc  of  thin  copper,  or  (if  the  instrument 
is  intended  for  spectrum  analysis)  to  a  very  narrow  strip  of  copper 
foil  on  which  the  radiation  is  received.  When  radiation  falls  on 
this  disc  the  lower  junction  of  the  couple  becomes  heated  and  a 
current  traverses  the  circuit,  and  in  order  to  detect  this  the  circuit 
is  suspended  in  a  strong  magnetic  field  (Fig.  168),  in  which  it  is 
deflected,  as  in  the  case  of  Thomson's  siphon  recorder,  or  the  moving 
coil  galvanometer.^  It  thus  possesses  all  the  advantages  of  an  ideal 
thermopile  of  exceedingly  small  mass,  while  the  current  is  detected 
without  the  aid  of  a  separate  galvanometer. 

The  circuit  is  suspended  by  being  attached* to  the  lower  end  of  a 
very  thin  capillary  glass  tube,  5  cm.  long,  which  is  suspended  by  a 
quartz  fibre  made  by  the  bow-and-arrow  process.^  Close  to  the  top 
of  the  tube  a  very  light  galvanometer  mirror  is  fastened,  so  that  any 
heat  which  may  fall  upon  it  has  no  influence  on  the  circuit  below. 
The  circuit  of  copper  wire  hangs  in  a  narrow  hole  within  a  mass  of 

*  C.  V.  Boys,  PhU,   Tram.,  vol.  clxxx.,  A,  p.  159,  1888-89  ;  Joum.  Soc,  ArtSy^ 
nth  October  1889. 

'  Alloys  of  these  metals  are  preferable.  Thus,  as  Professor  Boys  |»oiiits  out, 
32  Bi  +  1  Sb  is  better  than  Bi  in  the  ratio  10 :  9,  and  12  Bi  +  1  Hn  is  better  than  Sb, 
or  again  10  Bi  +  1  Sb  and  Sb  and  Cd  in  equivalent  j)roportions  are  still  better,  but 
the  latter  alloy  is  troublesome  to  work.  The  dimensions  of  the  circuit  employed 
were  :  Thermo-electric  bars  ^  x  ^  x  ^J^  inch  ;  No.  36  co])per  wire  made  into  a  circuit 
1  inch  long  and  about  j\  inch  wide  ;  a  coj)i)er  heat-receiving  surface  about  ^  inch 
diameter,  and  blaekenefl  on  the  side  exposed  to  the  radiation  ;  mirror  ^q  inch  square 
and  ^^Tf  inch  thick.  The  (juartz  fibre  was  4  inches  long  and  ^j^^  inch  thick,  and 
the  weight  of  the  complete  circuit  was  half  a  grain. 

^  This  principle  of  fixed  magnet  and  movable  coil  a])pears  to  have  been  employed 
by  Sturgeon  as  early  as  1836,  and  M.  D'Arsonval,  on  5th  February  1886,  exhibited, 
at  a  meeting  of  the  Physical  Society  of  France,  an  instrument  called  by  him  the 
thermo-galvanometer,  with  which  the  radio-micrometer  of  Boys  was  identical  in  all 
essential  respects.  In  detail,  however,  the  two  instrunients  differ  essentially  ;  but 
when  Professor  Boys  became  acquainted  with  the  work  of  D'Arsonval,  he  at  once 
fully  admitted  the  claim  of  the  latter  to  priority. 

*  Sec  Phil,  Mwj.,  June  1887. 
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brass  situated  between  the  pole-pieces,  NS,  of  a  powerful  permanent 
steel  magnet,  and  the  little  bars  of  antimony  and  bismuth  (or  alloy) 
hang  below  within  a  cavity  drilled  out  of  a  mass  of  soft  iron,  wbm 
the  radiation  falls  upon  the  junction  through  a  transverse  aperture 
(Fig.  168).  Thus,  while  the  circuit  hangs  in  a  strong  magnetic  field, 
the  central  mass  of  soft  iron  (shaded  dark  in  Fig.  168)  screeoB  die 
antimony  and  bismuth,  and  prevents  any  trouble  arising  from  dia- 
magnetism.  Such  disturbances  have  been  so  completely  overcome 
that  a  strong  magnet  may  be  moved  about  close  to  the  instrument 
without  affecting  it. 


jut 


k 


Sb    Bi 
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Fig.  169  shows  the  whole  instrument  enclosed  within  a  thick 
wooden  cover  (dotted  outline),  which  prevents  external  radiation  and 
draughts  from  falling  upon  and  unequally  warming  the  metal  cavity. 
Attached  to  this  wooden  cover  is  a  paper  tube,  which  projects  in  front 
of  the  chamber  containing  the  thermo-electric  pair.  The  radiation 
enters  through  this  tube,  and  it  is  fitted  with  a  series  of  diaphragms 
such  as  Langley  used  with  his  bolometer.  A  glass  window  closes  the 
back  of  the  chamber,  so  that  it  is  i)ossible  to  see  whether  the  radiation 
falls  ui)on  the  copper  disc  as  intended,  while  the  glass  protects  the 
junction  from  the  dark  heat  of  the  eye. 
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Besides  its  extreme  quickueae  of  action  and  delicacy,  the  advan- 
tages claimed  for  this  iastniment  are  its  freedom  from  extraneous 
thermal  and  magnetic  influences,  the  circuit  being  suspended  in  a 
cavity  within  a  mass  of  metal.  It  has  also  a  constant  and  definite 
zero,  given  by  the  control  of  the  suspending  fibre,  and  this  being 
of  quartz,  the  difficulties  caused  by  the  uncertain  behaviour  of 
silk  under  varying  conditions  of  temperature  and  humidity  are 
obviated.  The  sensibility  of  the  apparatus  may  also  be  varied  at 
pleasure,  and   it  may  be   rendered   "dead  beat,"  or   its  l(^;arithmic 


decrement  may  be  varied  at  ivill.  A  further  advantage  is  that  in 
Spectroscopic  work  the  radiation  may  be  limtt£d  by  a  narrow  slit 
\vitho«t  seriously  reducing  the  sensibility  of  the  instrument  On 
the  other  hand,  it  must,  like  the  galvanometer,  be  kept  in  a  fixed 
position,  and  cannot  be  handled  or  pointed  in  other  than  a  horizontal 
direction,  so  that  in  this  respect  it  ia  less  convenient  than  thermopile 
cir  bolometer. 

The  radio-micrometer  may  be  used  differentially  by  placing  a 
Second  couple  in  the  upper  end  of  the  circuit,  and  this  may  be 
furnished  with  a  separate  window,  so  that  the  radiation  from  one 
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source  may  fall  on  one  couple,  and  the  other  may  be  exposed  at  the 
same  time  to  the  radiation  from  any  other  source. 

Besides  being  vastly  more  sensitive  than  the  thermopile,  the  radio- 
micrometer  has  a   further  advantage,   which   is  most   important  in 
astronomical    work,    for    a    measure   can   be   effected   with   it  in  a 
few  seconds  instead  of  the  several  minutes  necessary  to  the  older 
apparatus.     So  great  was  the  delicacy  of  the  apparatus  constructed 
by  Boys  that  the  radiation  received  by  the  mirror  of  a  telescope 
of    16    inches    aperture    from   a   candle    situated    at   a    distance  of 
between   2  and   3  miles  was  distinctly  observable,  and  an  amount 
of  heat  of  about  TTtnnnF  ^^  *^*^  received  from  the  full  moon  could 
be   detected  with   certainty.     It  was,  therefore,  legitimately  hoped 
that   this  instrument  would  settle   the  question  as  to  whether  or 
not   any    radiation    from    the    fixed    stars   had  yet   been   perceived. 
SteUar      Experiments  in  this  direction  had  been  made  in  1869  by  Huggins^ 
raaifttion.  ^^Y^  ^^^   thermopile ;  but  although  the  results  did  not  prove  con- 
clusively that  the  thermopile  was  capable  of  detecting  such  feeble 
radiation,   yet   they  made  it  exceedingly  probable  that  the   eflfects 
observed  were   really  due  to   stellar  radiation.     A  year   later  Mr. 
Stone,*^  using  the  great  equatorial  at  Greenwich  and  a  single  couple, 
found  that   at   night  every  slight  change   in  the  sky,  even   though 
invisible   to   the   eye,   so   disturbed   the   galvanometer   that   it  was 
impossible  to  distinguish  between  effects  due  to  the  stars  and  those 
caused  by  the  varying  clearness  of  the  sky.     This  difficulty  was  largely 
obviated  by  placing  in  the  focal  plane  of  the  object-glass  two  thernio- 
electric  pairs  so  connected  that  the  heating  of  the  exposed  face  of  one 
would  produce  an    effect  opposite  in   kind  to   that  produced  by  the 
heating  of  the  exposed  face  of  the  other.     Under  these  conditions  a 
change  in  the  sky  affected  the  two  faces  equally  or  nearly  so,  and  the 
galvanometer  was  not  disturbed  by  variations  of  the  sky  ;  but  if  a  star 
were  allowed  to  shine  first  on  one  face  and  then  on  the  other,  cor- 
responding deflections  in  opposite   directions   ought   to   be   obtained. 
This  arrangement  had  been  employed  previously  by  Lord  Rosse^  in 
his  experiments  on  the  heat  of  the  moon.     Mr.  Stone  concluded  from 
his  experiments  that  the  radiation  from  Arcturus  heated  the  face  of 
the  pile  through  about  J^  of  a  degree  Fahrenheit,  a  quantity  which 
might  be  registered  by  any  well-constructed  liquid-in-glass  thermometer ! 
With  the  radio-micrometer,  however,  which  is  vastly  more  sensitive 
than  the  thermopile,  and  which  would  detect  with  certainty  a  radiation 

^  Will.  Huggins,  Pr(M:  lio)/.  Sur.,  vol.  xvii.  p.  309,  1869. 
-  E.  J.  Stone,  Proc.  Jioy.  Soc,  vol.  xviii.  p.  159,  1869. 
^  Lord  Rosse,  Froc.  AV>?/.  Soc.,  vol.  xvii.  p.  436,  1869. 
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enormoiuly  leas  than  that  of  the  full  moon,  Boys*  could  find  no 
radiation  effect  from  Arcturua  or  any  other  star  or  planet,  and  he 
has  consequently  proved  that  no  heating  effect  from  the  stars  hae 
yet  been  observed. 

279.  [LummeF  and  Kurlbaum's  Bolometer. — An  improved  form 
of  bolometer  has  been  conatracted  and  used  by  Profs.  Lummer  and 
Kurlbaum  -  for  the  purpose  of  studying  the  laws  of  radiation.  As  in 
Langley's  instrument,  the  conductor  exposed  to  the  radiation  conaistB 
of  a  zig-zag  strip  of  platinum  cut  from  a  single  thin  sheet  of  metal, 
but  instead  of  one  such  grating,  four  are  used,  all  prepared  in  exactly 
the  same  way ;  these  form  the  four  branches  of  the  Wheatatone's 
bridge.  The  advantage  of  this  arrangement  is  that,  all  four  branchee 
being  exactly  similar,  a  alight  change  in  the  temperature  of  the 
apparatus  produces  an  equal  effect  on  all  the  branches,  so  that  the 
balance  is  not  disturbed,  and  the  troublesome  drift  of  the  zero  point 
is  avoided.  Besides,  two  gratings  belonging  to  oppoaite  arms  of  the 
bridge  are  placed  one  immediately  behind  the  other,  so  that  the  strips 
of  the  one  cover  the  gaps  of  the  other,  and  both  being  exposed  to  the 
same  radiation,  the  effect  is  doubled. 

In  order  to  obtain  four  gratings  of  exactly  the  same  character, 
neither  gold-leaf  nor  tin-foil  nor  platinum-foil  could  be  used.  Tin- 
foil or  platinum-foil  would  be  too  thick  for  a  very  delicate  instrument, 
and  gold-leaf  is  not  sufficiently  uniform  in  thickness.  The  gratings 
were  constructed  of  platinum  in  the  following  way. 

A  sheet  of  platinum  was  attached  by  heat  to  a  sheet  of  silver  ten 


times  as  thick,  and  the  whole  rolled  out  till  the  thickness  of  the 
platinum  was  reduced  to  00005  of  a  millimetre  or  less.  Four  similar 
gratings  of  the  shape  shown  in  Fig.  170  were  cut  from  the  composite 
sheet  and  fastened,  by  means  of  a  solution  of  colophonium  in  ether, 
to  square  frames  of  slate,  as  exhibited  in  Fig.  171.  When  the  grating 
had  been  adjusted  in  a  symmetrical  position,  the  ether  was  driven  off 
by  heat.  The  ends  n,  b  of  the  strip  were  soldered  to  copper  contact 
1.  J80,  1800. 
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pieces  w  and  te',  and  these,  as  well  as  the  broad  elbows  of  the  strip  m  m, 
covered  with  japan  lacquer.  The  silver  was  dissolved  off  the  parta 
not  protected  by  the  lacquer  by  means  of  nitric  acid.  After  careful 
washing  and  drying,  the  platinum  strips  were  blackened  on  one  sidt 
by  the  smoke  of  a  specially  constructed  lamp.  In  the  later  formi 
platinum  black  was  used.  Fig.  172  shows  the  appearance  of  tberevene 
side  of  the  frame,  which  is  exposed  to  the  radiation.  The  state  is 
bevelled  along  the  edges  to  which  the  grating  is  fastened. 

Fig.  173  gives  a  diagrammatic  representation  of  the  connections. 
B  is  the  battery,  W  an  adjustable  resistance,  rr'  a  sliding-contact 
resistance  or  rheochord  for  obtaining  an  exact  balance,  and  K,,  Ej,  etc, 


the  coppei-  contact  pieces  of  the  gratings.  Tlie  gratings  are  numbered 
1,  2,  3,  4,  and  it  will  be  noticed  that  the  opposite  arms  of  the  bridge 
are  arranged  together.  Each  bolometer  grating  has  a  resistance  of 
about  60  ohms. 

The  comjilete  instrument  is  represented  in  Fig.  174,  The  frames  are 
fixed  in  pairs  in  iiidi;i-nil)ber  casings  h,  h',  which  have  openings  ff  to 
allow  free  passage  of  air  between  the  frames.  Part  of  one  of  tbe 
casings  is  removeil  in  the  figure,  as  well  as  a  portion  of  each  grating, 
so  as  to  show  the  arrangement.  The  points  ¥i^,  Kj,  Kj^  are  the  same 
as  in  Fig.  173.  A  blackened  metal  plate  3  between  the  stands  Aand A' 
prevents  any  rays  which  penetrate  lietween  the  strips  of  both  gratings 
being  reflected  or  allowed  to  fall  on  the  other  pair. 

The  platinum  strips,  iieing  very  thin,  have  a  large  surface  compared 
to  their  mass,  and  hence,  when  exposed  to  radiation,  equilibrium  is 
attained  in  less  than  4  seconds.  Their  relatively  large  cooling 
surface  also  admits  of  the  use  of  a  ciirrentrdensity  40  tiroes  as  great 
as  is  uEiutl  with  thick  resistances.     The  silver  not  being  removed  from 
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the  angleB  of  the  gratiogs,  these  have  a  small  resistance,  and  the 
reaistance  of  the  exposed  parts  constitutes  nearly  the  whole  resistance 
of  the  arm  of  the  bridge.  The  inventors  claim  that  an  accuracy  of 
about  001  per  cent  can  be  attained  with  this  instrument. 


This  bolometer  is  designed  for  the  purpose  of  measuring  the  total 
radiation  from  a  source.     In  order  to  measure  the  distribution  of 
energy  in  a  spectrum,  a  line  bolometer  must  be  used.     In  such  an 
instrument,  Instead  of  a  grating  a  single  narrow  strip  of  platinum  is  Line 
used.     This  should  be  made  as  thin  as  possible,  if  the  delicacy  of  the      °°"    ' 
instrument  is  to  be  preserved.] 

380.  Othsr  SenatttTB  Badiomatari. — A  nioilificatioti  of  the  differential  ther-  Micro- 
mometer  liaa  been  devised  l)y  Frofttsor  H.  F.  Weber,"  of  Zaricii,  which  he  calls  a.  radiometer, 
micro -radioinetflr,  and  Tor  whicli  he  claims  a  delicacy  that  will  detect  one  hundred- 
millioiitb  of  a  degree.  In  tliis  instrutnent  the  two  bulbs  of  the  difTeTential  thennom- 
eter  are  replaced  by  two  tliiii  boxes  of  brasa,  one  end  of  each  of  which  consists  of 
a  platfl  of  rock-salt.  These  boxes  ai-e  attached  to  the  two  ends  of  a  narrow  glass 
tube,  the  bore  of  which  is  almit  1  »!.  mm.  in  area.  Near  each  end  of  this  tube  a 
small  bulb  is  blown,  and  these  bulbs  and  a1>out  S  mm.  of  the  tube  at  each  end  are 
filled  with  a  solution  of  sulphate  of  zinc,  which  is  prevented  by  capillary  action  (him 
entering  tlie  boxes  at  the  ends,  and  tlie  middle  of  the  tuW  (between  the  bulbs)  is 
filled  with  mercury.  Now  if  one  box  is  warmed  tha  liquid  in  the  tube  is  driven 
towanis  the  other,  and  ihia  displacement  is  delecleil  electrically  by  causing  the  5 
mm.  or  so  of  zinc  sulphate  at  each  end",  between  the  small  biillis  and  the  mercurj', 
to  form  the  two  arms  of  a  Wheatstone'a  bridge,  the  other  two  nrms  consisting  of  a 
l«ir  of  resiatances,  wliicli  are  put  into  connection  with  the  sulphate  of  zinc  solution 
by  wires  sealed  into  the  bnlbs.  Thus  when  any  displacement  occurs  one  column  of 
the  zinc  siilphatn  is  lengthened  while  the  other  is  shortened,  so  that  the  resistance 
of  one  arm  is  increased  while  that  of  the  other  is  diminished,  and  both  canscs  con- 
spire to  disturb  the  equilibrium  of  the  bridge.  M'ith  this  complex  a|>[iaratus  Weber 
Slates  that  the  heat  of  the  moon  prodiiceil  an  oscillntian  of  100  scale  divisions  of  the 
Kslviinonieter. 

"Cantor 
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rasimeter.  A  delicate  instrument  for  detecting  thennal  radiation  has  been  constructed  bj 
Edison,  and  is  named  the  Tasimeter.  In  tliis  instrument  the  part  of  the  apparatni 
exposed  to  radiation  is  a  thin  strip  of  vulcanite,  which  is  supported  between  a  screw 
at  one  end  and  a  carbon  resistance  at  the  other,  so  that  when  it  expands  it  presses 
against  the  carbon,  and  so  diminishes  the  electrical  resistance  of  the  circuit  In 
describing  this  apparatus  Professor  Barrett ^  says :  "The  heat  radiated  from  one 
finger  held  near  the  cone  is  more  than  sufficient  to  drive  the  galvanometer  index 
right  across  and  ofl^  the  scale.  In  a  letter  relating  to  this  tasimeter  Mr.  Edison 
writes  to  me  as  follows :  '  By  holding  a  lighted  cigar  several  feet  away  I  bare 
thrown  the  light  right  otf  the  scale,  and  by  increasing  the  delicacy  of  the  galvan- 
ometer the  tasimeter  may  be  made  so  sensitive  that  the  heat  from  your  body,  while 
standing  8  feet  from  it  and  in  a  line  with  the  cone,  will  throw  the  light  otf  the 
scale,  and  the  radiation  from  a  gas-jet,  100  feet  away,  gives  a  sensible  deflection.'" 
It  thus  appears  that  this  instrument  compares  favourably  in  delicacy  with  the 
thermopile,  but  that  it  is  far  behind  the  radio-micrometer,  either  as  a  detector  or  a 
trustworthy  meter. 

lichelson.        Professor  A.  A.  Michelson^  has  also  employed  the  lai^  coeflScient  of  expansion 
of  vulcanite  in  the  construction  of  a  sensitive  thermometer.     In  this  instrument  a 
very  thin  plate  of  vulcanite  is  guiimied  to  an  equal  plate  of  copper,  about  50  mm. 
long,   1   mm.   broad,   and  O'l  mm.   thick.      The  lower  extremity  of  this  plate  is 
fixed  while  the  up])er  is  gunmied  to  a  thin  glass  index,  the  end  of  which  is  bent  at 
a  right  angle,  and  presses  against  a  mirror  sus{)ended  by  a  thread.      When  the 
tem]ierature  rises  the  double  plate  of  copper  and  vulcanite  curves,  owing  to  the 
unequal  dilatations  of  the  two  substances,  and  this  motion  is  transmitted  by  the 
glass  thread  to  the  mirror  whose  deflection  is  noted  by  the  motion  of  a  spot  of 
light  on  a  scale.     The  foim  of  the  compound   strip  is  rectangular,  so  that  the 
instrument  may  be  used  in  spectrum  analysis  ;  but  if  it  is  to  be  employed  merely  as 
a  thermoscope,  tlie  strips  may  be  rolled  in  the  form  of  a  helix  after  the  manner  of 
Br^guet's  metallic  tliermometer,  and  tlie  sensitiveness  is  thereby  greatly  increased. 
Besides  its  simplicity  (a  galvanometer  not  being  required),  the  advantages  claimed 
for  this  instrument  are  quick  action.  facilit\'of  regulaticm,  and  extreme  sensitiveness. 
Joule.       A  sensitive  therm()H('o|M%  dejHMuling  in  its  indications  on  the  air  currents  set  up 
in  an  une([ually  lieated  conijMirtment,  was  devised  by  Joule.^     A  glass  tube,  2  feet 
long  and  4  inches  in  diameter,  is  divided  longitudinally  into  two  com[)artnients  by 
a  blackened  pasteljoard  dia])liragm,  leaving  s}>aces  at  tlie  top  and  bottom  about  1 
inch  wide,  the  diaphragm  being  about  2  inclies  shorter  than  the  tube.      In  the 
s[>ace  at  the  upiH'r  en<l  a  small  magnetised  sewing-needle,  furnished  with  a  glass  index, 
is  suspended  by  a  silk  thread.     The  tube  is  tlnis  divided  into  two  compartments  by 
a  plane  through  its  axis,  and  if  the  tem]K?rature  in  one  of  these  chambers  is  higher 
than  in  tlie  other  a  flow  of  air  takes  place  from  the  warmer  to  the  colder  above,  and 
from  the  colder  to  the  wanner  below.     The  susj)ended  needle  is  deflected  by  this 
current,  and  the  .sensitiveness  of  the  ajqviratus  })ecomes  greater  as  the  directive  force 
of  the  needle  is  diminished.     The  heat  of  the  moon's  light  was  easily  detected  by 
means  of  this  instrument. 

[Among other  instruments  may  be  mentioned  the  radiometer  (Art.  193),  which  iss 
delicate  measuring  appamtus  ;  but  the  glass  vessel  in  which  the  radiometer  isencl(»ed 
is  sometimes  an  <»bjectioii  to  the  use  ol  the  instrument.  An  improved  form  of 
thermopile  has  been  designed  by  Professor  Rubens,"*  which  is  very  sensitive,] 

'  W.  F.  Barrett,  Tcl»grophlc  Journal,  15th  November  1878. 

-  Albert  A.  Michelson,  Journal  de  Physique,  tom.  i.  p.  183,  1882. 

^  Joule,  J'roc.  Manr/u'stcr  Lit.  and  J'hil.  Soc.,  vol.  iii.  p.  73. 

*  Zcitschr.  fiir  Instrn nifnt*- nkunde,  Bd.  vi.  p.  65,  1898. 


SECTION   V 

DISTRIBUTION   OF   ENERGY   IN   THE   SPECTRUM   OF   A   BLACK   BODY 

281.  [Radiation  in  an  Enclosure  at  Uniform  Temperature. — 

Let  us  now  consider  the  nature  of  the  radiation  within  an  enclosure, 
the  walls  of  which  are  maintained  at  a  uniform  temperature.  For  con- 
venience, we  may  suppose  the  temperature  to  be  a  red  or  white  heat, 
and  that  there  is  a  small  opening  in  the  heated  vessel  through  which 
we  can  introduce  various  bodies  and  watch  what  is  going  on  inside. 

If  we  introduce  pieces  of  different  coloured  substances,  such  as  red 
or  green  glass,  polished  platinum  or  gold,  etc.,  we  shall  find  that  these 
bodies  lose  their  distinctive  appearance  as  soon  as  they  have  attained 
the  temperature  of  their  surroundings ;  in  fact,  they  will  be  indis- 
tinguishable from  the  walls  of  the  enclosiu*e.  In  the  same  way,  it  is 
not  easy  to  see  bodies  placed  in  the  middle  of  a  good  fire,  where  the 
above  conditions  are  approximately  realised. 

This  phenomenon  is  due  to  the  equality  of  the  radiation  and 
absorption  of  a  body  at  a  uniform  temperature.  The  green  glass,  for 
instance,  powerfully  absorbs  the  red  rays  coming  from  the  back  of  the 
enclosiure,  but  it  emits  an  equal  quantity  of  red  rays  on  its  own 
account,  owing  to  its  high  temperatura  This  could  be  proved  by 
rapidly  taking  it  out  of  the  white  hot  vessel  and  examining  it  in  the 
dark,  when  it  would  be  seen  to  glow  with  a  red  light.  A  piece  of  red 
glass  under  similar  circumstances  would  glow  with  a  greenish  light 
A  piece  of  polished  metal  placed  in  the  enclosure  would  stop  the  rays 
coming  from  the  back  of  the  enclosure,  but  would  reflect  those  falling 
on  its  surface,  so  that  in  this  case  also  it  would  appear  of  exactly  the 
same  colour  as  its  surroundings.  Thus  we  see  that,  within  a  vessel  at 
a  uniform  temperature,  all  bodies  radiate  in  a  similar  way,  if  we 
include  in  their  radiations  the  rays  which  they  transmit,  reflect,  or 
scatter. 

If  we  assume  the  principle  that  the  radiations  given  out  by  a  body 
depend  only  on  its  temperature  and  the  nature  of  its  substance,  and 
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not  at  all  on  the  radiations  which  it  receives,^  we  can  show  that  the 
radiation  within  an  enclosure  at  uniform  temperature  is  independent^ 
both  as  regards  its  character  and  intensity,  of  the  nature  of  the 
material  of  which  the  walls  of  the  vessel  are  made.  Suppose  that  we 
have  within  the  enclosure  two  plates  of  the  same  material  A  and  B 
(Fig.  175),  and  that  A  is  receiving  radiations  from  the  external  envelope 
^  £.     If  A  and  B  are  at  the  same  constant  tempera- 

ture, equal  amounts  of  energy  will  be  radiated  from 
A  to  B  and  from  B  to  A.     A  is  therefore  neither 

I gaining  nor  losing  energy  on  the  side  towards  B; 

;;;r^^^^ and  as  its  temperature  is  not  changing,  it  must  be 

radiating  towards  E  an  amount  of  energy  equal  to 
that  which  it  receives.  As,  by  the  above  principle,  the  radiation  of 
A  is  the  same  on  both  sides,  it  must  be  sending  to  B  the  same 
quantity  of  energy  which  it  receives  from  E.  And  the  qualUy  as 
well  as  the  (quantity  of  the  radiation  which  B  receives  from  A  must  be 
similar  to  that  of  the  radiation  which  A  receives  from  E ;  for  since 
the  coefficient  of  absorption  of  a  material  depends  on  the  quality 
(wave-length,  etc)  of  the  incident  radiation,  B  would  not  absorb  the 
same  proportion  of  the  incident  rays  as  A  if  the  two  radiations  differed 
in  character,  which  it  must  do,  as  it  is  at  the  same  constant  tempera- 
ture. 

We  conclude,  therefore,  that  a  body  in  temperature  equilibrium 
with  its  surroundings  emits  radiations  precisely  similar  to  those  which 
it  receives.  The  radiations  within  an  enclosure  at  uniform  tempera- 
ture will  accordingly  not  be  changed  in  character  by  altering  the 
material  of  the  walls  either  in  part  or  in  whole. 

It  ought  to  be  home  in  mind  that  such  bodies  as  glass  lose  their 
characteristic  radiating  peculiarities  only  while  they  remain  in  such  an 
enclosure,  for  when  taken  out  of  it  and  viewed  in  the  dark,  they 
resume  those  peculiarities ;  thus  colourless  glass  gives  out  very  little 
light,  coal  and  black  porcelain  a  great  deal.  Indeed,  it  is  only  the 
light  from  a  black  body  that  represents  by  itself  the  brightness  of  the 
enclosure,  and  such  a  body  when  taken  out  and  hastily  examined  in 
the  dark,  without  allowing  it  time  to  cool,  will  be  found  to  give  out 
rays  having  a  brightness  in  all  respects  the  same  as  that  of  the  en- 
closure in  which  it  was  placed,  because,  being  opaque  and  non-reflective, 
all  the  light  which  it  gave  out  in  the  enclosure  was  proper  to  itself, 
none  having  passed  through  its  substance  or  been  reflected  from  its 

^  The  rays  given  out  by  fluorescent  and  phosphorescent  bodies  depend  on  the 
radiations  wliich  they  receive.  All  such  bodies  are  therefore  to  be  excluded  from  the 
present  discussion. 
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surface ;  it  therefore  retains  this  light  when  taken  into  the  dark,  pro- 
vided its  temperature  is  not  in  the  meantime  allowed  to  fall 

By  considerations  of  this  kind  Kirchhoff  was  led  to  form  the  con-  Perfecti 
ception  of  a  perfectly  black  body,  i.e.  a  body  which  absorbs  all  the  ^^^ 
radiations  which  fall  upon  it,  of  whatever  wave-length  they  may  be. 
The  radiation  given  out  hy  such  a  body  would  possess  a  character 
independent  of  the  property  of  any  particular  substance,  for  it  would 
be  the  same  as  the  radiation  within  an  enclosure  at  uniform  tempera- 
ture. We  know  of  no  substance  which  is  perfectly  black  in  this  sense, 
but  we  can  study  the  radiation  within  a  unifo];mly  heated  enclosiu*e, 
and  thus  investigate  the  properties  of  a  perfectly  black  body. 

The  important  fundamental  principle,  proved  above,  and  upon 
which  the  conception  of  a  perfectly  black  body  is  based, — namely,  that 
the  radiation  within  a  uniformly  heated  enclosure  depends  on  the 
temperature  of  the  enclosure  and  on  nothing  else, — was  arrived  at  in- 
dependently by  Balfour  Stewart  and  Kirchhoff  about  the  year  1 858.  In 
the  discussion  here  given  Balfour  Stewart's  line  of  reasoning  is  followed.^ 

Kirchhoff  expressed  the  conviction  that  the  laws  governing  the 
radiations  within  an  enclosure  at  uniform  temperature  would  be  found 
to  be  of  a  simple  character,  like  all  known  relations  which  do  not 
depend  on  the  specific  properties  of  bodies.^ 

282.  Emissive  and  Absorptive  Powers — Kirehhoffs  Law. — If 
radiations  of  a  given  wave-length  X  fall  on  the  surface  of  any  body, 
then  the  absorptive  power  of  the  body  for  that  wave-length,  which  we 
may  denote  by  a^,  is  defined  by  Kirchhoff  to  be  the  ratio  of  tlie  radiant 
enerfjy  absorbed  to  the  total  incident  radiant  energy.  Since  a  perfectly 
black  body  absorbs  all  the  radiations  which  fall  upon  it,  the  value  of  Aa 
for  such  a  body  is  unity,  whatever  the  wave-length  may  be ;  but  for 
all  actual  substances  the  absorptive  power  is  a  proper  fraction,  the 
value  of  which  depends  on  the  nature  of  the  body,  on  its  temperature, 
and  on  the  wave-lengths  of  the  incident  radiation.  The  more  closely 
a  body  realises  the  conditions  of  a  black  body,  the  more  nearly  will 
the  value  of  a^  approach  unity  for  all  values  of  X. 

If  exd\  is  the  radiant  energy  comprised  between  wave-lengths  A 
and  A  +  t/X  which  is  given  out  per  second  by  unit  surface  of  any  body, 
then,  when  dX  is  made  infinitely  small,  the  quantity  ^a  is  called  the 
emissive  power  ^  of  the  body  for  the   wave-length   A.     The  emissive 

*  See  Edin.  Phil.  Trcnus.^  March  1858 ;  also  Balfour  Stewart's  Lessons  in 
Elenientari/  Physics. 

2  Pogg.  Ann.,  Bd.  cix.  p.  292,  1860. 

'  See  an  article  by  0.  Liinimer  in  the  Hapports  yrisr.nt^s  av.  Congris  International 
de  Physique,  Paris,  1900.  The  definitions  of  absorptive  and  emissive  powei-s  here 
given  are  not  those  usually  followed. 
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power  of  a  body  is  also  a  function  of  the  wave-length,  temperature, 
and  the  nature  of  the  body.  The  (ibsolute  emissive  power  of  a  body 
is  the  emissive  power  of  the  body  at  a  temperature  of  1°  absolute,  It 
the  energy  of  wave-length  k  radiated  per  second  by  unit  surface  to  a 
surrounding  enclosure  at  absolute  zero. 

Suppose  that  we  have  a  heated  chamber  at  uniform  temperature, 
within  which  are  pieces  of  different  substances.  As  has  been  shown 
in  the  preceding  article,  the  radiation  within  the  chamber  will  be 
uniform  and  independent  of  the  nature  of  the  walls  or  enclosed  bodie& 
Thus  if  dQ,  is  the  quantity  of  energy  between  wave-lengths  A  and 
X-^dk  received  in  one  second  by  unit  surface  of  any  of  the  bodies, 
^Q  will  be  the  same  for  all  bodies.  Of  this  energy  any  body 
whose  absorptive  power  is  a^  will  absorb  a  fraction  a^dQ^  while  the 
remainder  (1  -  ax)<^Q  will  be  reflected  or  transmitted.  If  «x  is  ^® 
emissive  power  of  the  body  for  wave-length  X,  the  energy  emitted 
will  be  ej^dk,  if  we  consider  only  the  emission  proper  to  the  body  in 
virtue  of  its  temperature.  The  total  energy  sent  out  by  unit  surface 
of  the  body  is  then  (1  -  ai^)dQ  +  e^dk,  and  this  is  equal  to  the  energy 
received,  so  that 

{l-af,)dQ  +  ej,d\  =  (lQ. 

In  the  case  of  a  perfectly  black  body,  ax=  1,  so  that  if  Ex  is  its 
emissive  power  we  have 

therefore 

(1-«a)Ka  +  ''a  =  E;,       ...  .  .  (1) 

or 

<a  =  ^'aEa. 

rchhofl's  so  thuty  for  rddiutiojL^  of  the  sam^  wave-length  and  the  same  temperature,  the 
ratio  of  the  emissive  and  absorptive  j^owers  is  the  same  for  all  bodies  and  is 
eqiud  to  the  emissive  power  of  a  perfectly  black  body.  This  is  known  as 
Kirchhofl[*'s  law. 

In  the   case  of  bodies  like   metals,  which   transmit  none  of  the 
radiations,  the  energy  which  is  not  absorbed  is  reflected,  so  that  we 

where  H^  is  the  reflecting  power  for  wave-length  A.  Equation  (1)  of 
this  article  may  then  l)e  written 

which  expresses  the  fact  that  if  we  restore  to  any  body  the  radiations 
which  escape  it  by  reason  of  its  reflecting  power,  it  will  radiate  as  a 
black  body. 

In  what  precedes  the  radiation  spoken  of  must  be  understood  to 
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be  completely  diffused,  that  is,  the  rajs  are  travelling  equally  in  all  ' 
directions. 

If  we  consider  a  small  element  of  area  ds  of  a  radiating  surface,  and  Intensi 
confine  our  attention  to  rays  of  wave-lengths  included  within  the  ^^^^^ 
limits  k  and  X  +  d\  we  see  that  the  quantity  of  energy  radiated  per 
second  within  a  small  solid  angle  dta  in  a  direction  perpendicular  to 
ds  may  be  expressed  in  the  form  i^dsdwdk,  where  tx  is  &  constant 
for  each  wave-length  A,  and  depends  only  on  the  nature  of  the  body 
and  its  temperature.  We  shall  call  »\  the  intensity  of  emission  of  the 
body  for  the  given  wave-length. 

The  energy  emitted  per  second  in  a  direction  OA  (Fig.  176),  making 
an  angle  0  with  the  normal  to  ds,  and  comprised 
within  a  small  solid  angle  du),  is,  by  the  law  of 
cosines,  equal  to  tx  cos  Odsdtodk.  To  find  the 
total  energy  per  second,  draw  a  hemisphere  of 
radius  r  round  0  as  centre ;  then  the  area  of 
the  ring- element  of  area  ABB' A'  is  27rr-  sin 
OdOy  and  the  solid  angle  which  it  subtends  at  0  is  2ir  sin  SdO,  so  that 
the  energy  per  second  emitted  within  this  solid  angle  is 

2'irij^8mecoaed8d\de (2), 

and  we  have,  by  integration,  since  the  total  energy  emitted  in  all 
directions  is  exdsdk, 


Cj^dsdX  —  2iri\rfsrfX  / "  sin  ^  cos  ddd, 

J  ft 


or 


ex^iri^. 


B'B 


We  can  also  express  the  density  of  the  energy  in  a  space  uniformly  Density 
filled  with  radiations  in  terms  of  the  emissive  power.     For  if  we  draw  ^^^^y- 

^  ^/    a  plane  AB  (Fig.   177)  parallel  to  a  radiating 

plane  XY  at  a  distance  h  from  it ;  then  the 

energy  radiated  per  second  by  an  element  of 

surface  ds  is,  for  the  same  solid  angle,  2irij^  sin 

-y  6  COS  OdsdkdO  by  (2).     Now  the  distance  OA 

is  h  sec  dy  therefore  if  v  is  the  velocity  of  light, 

the  time  taken  to  reach  A  is  ^  sec  d/v,  and 

the  energy  sent  out  in  this  time,  that  is,  the  energy  which  fills  the 

small  space  described  by  the  revolution  of  OAA'  round  OM,  is 

2t/\-  sill  0ds(f\d6. 

V 

If  we  suppose  h  very  small,  then  we  may  integrate  for  0  from  0  to 
^,  therefore  the  energy  between  the  planes  due  to  ds  is 
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n 

'2iriJ^dsd\  I  ^  sin  Odd  =  2TriAlsd\, 
^0        J  n  ^t; 


But  if  d}p  is  the  energy  per  unit  volume,  the  space  between  the  planesi 
at  a  distance  from  their  edges,  contains  for  every  element  ds  a  quantity 
of  energy  d}phds,  therefore 

V  V 

where  the  expression  is  doubled,  so  as  to  include  the  equal  number  of 
rays  which  are  travelling  towards  XY. 

The  total  emission  S  from  unit  surface  for  all  radiations  is  gi?en 
by  the  equation 

where  ^  is  the  density  for  all  radiations  in  an  enclosed  space  at 
uniform  temperature. 

If  for  any  body  the  value  of  the  absorptive  power  ax  were  a  con- 
stant for  all  values  of  X,  we  should  have 


Jo  Jo 


A  body  of  this  nature  would  be  called  a  perfedly  grey  hody^  and  its 
radiation  would  be,  for  all  wave-lengths,  proportional  to  that  of  a 
perfectly  black  body.  No  systematic  search  has  been  made  for  such  a 
substiince.] 

283.  Stefan's  Law. — In  1879  J.  Stefan^  suggested  the  law  that 
the  total  radiation  of  any  body  is  proportional  to  the  fourth  power  of 
its  absolute  temperature.  He  was  led  to  this  conclusion  by  the  result 
of  an  experiment  of  Tyndall's  in  which  the  radiations  of  a  platinum 
wire  at  a  white  heat  (1200"^  C.)  and  at  a  red  heat  (525**  C.)  were  in  the 

ratio  11-7.  Stefan  noticed  that  the  ratio  ^1595 ^273)^  ^^  equal  to 
irO.  On  testing  the  law  by  the  results  of  Dulong  and  Petit's 
experiments,. lie  found  that  it  was  well  satisfied.  Other  obser^'e^s 
have  found  considerable  deviations  from  this  law.  We  shall  see 
presently  (Art.  285)  that  for  the  radiation  of  a  black  body  Stefan's 
law  has  been  verified  by  Lumraer  and  Pringsheim.  It  is  not  strictly 
true  for  other  bodies.  In  using  this  law  we  must  take  account  of 
the  radiation  received  by  the  ])lack  body.  Thus  if  its  absolute 
temperature  is  H,  and  it  radiates  to  surroundings  at  0"  C,  the  energy 
lost  per  second  by  unit  area  is 

whore  rr  is  a  constant. 

1    Wien.  Akad.  Sifz.,  IM.  Ixxix.  p.  391,  1879. 
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This  law  has  been  theoretically  deduced  by  L.  Boltzmann  ^  from 
he  principles  of  thermodynamics  and  the  electromagnetic  theory  of 
ight,  and  hence  is  often  referred  to  as  the  Stefan-Boltzmann  law  (see 
Lrt.  287). 

284.  [Distribution  of  Energy  in  the  Spectrum. — The  earlier 
xperiments  on  the  distribution  of  energy  in  the  spectrum  were  made 
n  the  spectriun  of  the  sun.  In  1 800  Herschel  discovered  the  existence 
{  the  invisible  infra-red  rays  by  observing  the  heating  effect  on  a  ther- 
Qometer  placed  beyond  the  red  end  of  the  solar  spectrum.  Herschel 
ound  the  maximum  of  energy  to  be  situated  in  the  infra-red.  Before 
lim,  Landriani,  Eochon,  and  Sennebier  had  found  the  maximiun  energy 
a  the  yellow  or  red.  Later  still  Seebeck,  employing  prisms  of 
iifferent  materials  to  produce  the  spectrum,  found  that  with  flint 
;lass  the  maximum  calorific  effect  was  in  the  infra-red ;  with  crown 
:lass,  in  the  red ;  and  with  water  and  other  substances,  in  the  yellow, 
lelloni  showed  that  these  differences  could  be  accounted  for  by  the 
bsorption  of  the  rays  by  the  material  of  the  prism.  Using  the  most 
liathermanous  substance,  rock-salt,  he  found  the  maximum  energy  to 
«  in  the  infra-red. 

It  is  obvious  that  the  distribution  of  energy  will  depend  on  the 
lispersion  of  the  prism  as  well  as  on  its  selective  absorption.  The 
lormal  spectrum  obtained  by  the  use  of  a  diffraction  grating  was  first 
mployed  by  Draper.  His  experiments  indicated  that  the  maximum 
leating  effect  in  the  solar  spectrum  was  situated  in  the  yellow.  The 
[iffraction  grating  does  not  appear,  however,  to  give  very  satisfactory 
esults.  The  spectra  overlap,  the  dark  part  of  the  first  spectrum  being 
uperposed  on  the  visible  part  of  the  second,  and  so  on. 

The  best  way  to  determine  the  law  of  distribution  in  the  normal 
pectrum  is  to  find  the  distribution  in  an  ordinary  refraction  spectrum 
nd  calculate  the  corresponding  distribution  in  the  normal  spectrum, 
:nowing  the  relative  dispersion.  Lundquist,  employing  Cauchy's 
Drmula  of  dispersion,  first  adopted  this  method.  He  also  made 
llowance  for  the  width  of  the  thermopile. 

The  results  so  far  obtained  were  not  of  a  high  oi*der  of  precision, 
8  the  thermopile,  which  was  the  instrument  used  for  measuring  the 
nergy  of  the  radiations,  is  not,  in  its  ordinary  form,  capable  of  very 
reat  accuracy.  But  after  the  invention  of  the  bolometer  by  Langley, 
;reat  progress  began  to  be  made  in  these  measurements. 

285.  Experiments    of    Lummer    and    Pringsheim.^ — The    laws 

overning  the  radiations  within  an  enclosed  space  at  uniform  tempera- 

* 

1    mcil.  Ann.,  Hd.  xxii.,  pp.  31>nd  291,  1884. 
2  Ann.  df.r  Fhysik,  Bd.  Ixiii.  p.  395,  1897. 
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ture  have  been  experimentally  studied  by  a  number  of  phyddsta, 
amongst  whom  Professors  Lummer  and  Pringsheim  hold  an  impOTtiol 
place.  We  shall  describe  here  the  method  of  investigation  pursued  br 
them  in  studying  the  variation  with  temperature  of  the  total  radiation 
from  such  an  enclosure,  and  the  distribution  of  energy  in  its  spectnuD. 
In  future  it  will  be  generally  convenient,  when  speaking  of  the  ladii- 
tion  within  a  uniformly  heated  enclosure,  to  refer  to  such  an  enclosure 
as  a  "black  body." 

The  experiments  on  the  total  radiation  from  a  black  body  wen 
"carried  out  for  a  range  of  temperature  between  100°  and  1300°  C. 
The  apparatus  is  shown  in  Fig.  178. 

A  is  a  double- walled  vessel  of  sheet  copper  blackened  inside.  Tbe 
space  between  the  walls  contains  water  which  is  kept  boiling.    A 


^=^ 


condenser  b  prevcnte  the  escape  of  steam  into  the  room.  The  tempera- 
ture of  the  wftter  is  given  by  the  thermometer  a.  The  vessel  A  is 
used  to  standai'dise  the  instrument  which  measures  the  radiation. 

Between  the  temperatures  200'  and  600"  C.  a  copper  sphere  B, 
coated  inside  with  platiniim  black,  was  used.  It  was  enclosed  in  an 
iron  vessel  iv  filled  with  a  mixture  of  so<lium  and  potassium  nitrate* 
which  melts  at  iMS»'  C.  It  was  heated  by  a  burner  /,  which  wa; 
8Up|i]ied  with  a  regulated  supply  of  gas  and  air,  so  that  the  tempera- 
ture c-ould  be  kept  constant.  To  seciire  uniformity  in  heating,  the 
gases  of  combustion  passed  all  round  a;  and  a  stirrer  it  was  used  te 
equalise  the  temperature  of  the  nitie  bath.  The  temperature  was 
measured  by  a  high-pressure  mercury  thermometer  and  by  a  thermo- 
element The  opening  of  B  was  surroiuided  by  a  vessel  tr  through 
which  a  cunent  of  water  at  atmospheric  temperature  flowed.  At  each 
end  of  the  bench  mix  was  fixed  a  diaphragm  q  with  a  movable  shutter 
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r,  through  l)oth  which  a  current  of  water  at  atmospheric  temperature 
also  flowed.  The  temperature  of  the  water  could  be  accurately 
regulated.  The  water-filled  vessels  vv  and  q  protected  the  bolometer 
from  radiation  from  the  outside  of  the  heated  chamber. 

The  radiant  energy  was  measured  by  means  of  a  Lummer-Kurlbaum 
bolometer  G,  represented  on  a  larger  scale  in  Fig.  179.  Its  distance 
from  the  black  body  could  be  varied  by  running  it  along  the  bench 


y 

4 


Fig.  17t». 

mm  (Fig.  178).  The  two  pairs  of  gratings  of  the  bolometer  (see  Art. 
279)  are  shown  at  p  and  m.  The  radiation  reaches  p  through  a  number 
of  stops,  the  narrowest  one,  ww,  being  just  in  front  of  the  grating. 
The  inside  of  the  casing  and  the  surfaces  of  the  stops  were  covered, 
partly  with  felt  and  partly  with  black  velvet.  The  other  pair  of 
gratings  n  wore  further  protected  from  extraneous  radiation  by  being 
enclosed  in  a  cardboard  box  xx^  in  which  a  thermometer  i?  is  placed. 
The  door  y  is  for  the  purpose  of  putting  the  instrument  in  alignment 
with  the  direction  of  the  radiation. 


Fig.  LSO. 

For  temperatures  between  600"  and  1300^  C.  an  iron  cylinder  (Fig. 
1 80)  was  substituted  for  the  copper  sphere  B.  It  was  coated  within  with 
platinum  black.  A  porcelain  tube  containing  a  Le  Chatelier  thermo- 
element passed  through  from  side  to  side.  The  cylinder  was  enclosed 
in  a  double-walled  gas-furnace.  The  temperatures  were  reduced  to 
the  scale  of  the  nitrogen  thermometer  from  the  results  of  Holborn  and 
Day's  comparisons.^ 

In  making  an  observation,  the  shutter  r  was  raised,  allowing  the 

*  L.  Holborn  and  A.  Day,  Ann.  der  Physiky  Bd.  ii.  p.  505,  1900. 
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radiation  to  fall  on  the  surface  of  the  bolometer.  As  soon  as  tlie 
galvanometer  needle  had  reached  the  end  of  its  swing  the  shutter  was 
closed,  the  point  reached  by  the  spot  of  light  on  the  galvanometer 
scale  being  noted.  In  some  experiments  at  high  temperatures,  the 
needle  did  not  completely  return  to  its  original  position ;  the  mean  of 
the  initial  and  final  positions  was  then  taken  as  the  zero. 

In  order  to  show  that  the  deflection  of  the  spot  of  light  was 
proi)ortional  to  the  energy  of  the  incident  radiation,  the  bolometer  G 
was  placed  facing  the  black  })ody  A,  and  the  deflection  at  various 
distances  along  the  bench  was  noted.  It  was  found  that  the  law  of 
inverse  squares  was  satisfied,  i.e,  that  the  deflection  was  inversely 
proportional  to  the  square  of  the  distance  of  the  bolometer  grating 
from  the  diaphragm  aperture  of  the  black  body. 

It  was  arranged  that  the  deflection  of  the  spot  of  light  should  be 
about  300  mm.  for  all  temperatures.  This  was  managed  in  any  one 
of  three  ways:  (1)  by  altering  the  sensitiveness  of  the  instrument  by 
means  of  a  variable  resistance  which  regulated  the  current  from  the 
battery  through  the  Wheatstone's  bridge  ;  (2)  by  altering  the  distance 
of  the  bolometer  from  the  black  body ;  and  (3)  by  varying  the  size  of 
the  aperture  of  the  stop  wiv.  The  last  method  was,  however,  not 
adopted  finally. 

In  using  the  boiling-water  vessel  as  a  standard  of  reference,  its 
temperature  was  taken  to  l>e  100'  C.  and  that  of  the  shutter  jis  17^  C, 
or  373  and  290  al)solute  respectively.  Tlie  small  variations  in  these 
teniptM-atures  were  corrected  for  l)y  assuming  Stefan's  law  (see  Art.  283) ; 
thus,  to  take  a  particular  case,  the  swing  of  the  galvanometer  needle 
was  330i)  saile  divisions  when  the  absolute  temperatures  of  the 
boiling  water  and  shutter  were  373  1  and  287  1''  respectively.  The 
corrected  swing  x  was  then  calculated  from  the  formula 

./■     _:37:i'0^- 290-0^ 
3:36-9~.S73  1^  -2vS7-l-»' 
whence 

./■  =  3-J8-9. 

All  the  observations  were  reduced  to  a  standard  condition  in 
which  the  distance  was  633  mm.,  the  shutter  temperature  17°  C,  and 
the  variable  resistance  100  ohms.  The  diameter  of  the  stop  ictc  was 
1 G  mm.  in  all  experiments. 

Assuming  Stefan's  law,  that  the  totiil  radiation  of  a  black  body 
is  proportional  to  the  fourth  power  of  the  absolute  temperature,  we 
have  the  equation 

5  =  a,e'-'2d0')  ...  .  .         (1) 

when  ^  is  the   deviation   of   the   needle,  and  a-  a  constant.      In  the 
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following  table  given  by  Luramer  and  Pringsheim  the  temperatures 
calculated  in  the  fourth  column  are  got  by  putting  for  a-  in  the  above 
equation  its  mean  value  123*8  and  computing  the  values  of  B. 


Teniper«tun» 
(abHolut^) 

Deviation 
(reduct^) 

<yxlO>« 

9 

(ralcuUit»»d) 

euh«.— ©talc 

o 

1 

1                                  0 

o 

373-1 

150 

127 

1           374-6 

-  1-5 

492-5 

t)38         1 

1-24 

492-0 

fO-5 

723    . 

3320 

1-24-8 

724-3 

-  1-3 

;           745 

3810 

126-6 

749-1 

-4-1 

'           810 

5150 

121-6 

806-5 

+  3-5 

868 

6910 

1-23 -3 

867-1 

+  0-9 

1378 

44700 

124-2 

1379 

-1 

1470 

57400 

123-1 

1468 

-4-2 

1497 

60600 

1-20 -9 

1488 

+  9 

1535 

67800 

1-22-3 

1531 

+  4 

In  this  table  three  results  liave  been  omitted  which  showed  a 
discrepancy  of  more  than  lO"".  These  were  all  performed  with  the 
iron  cylinder  at  temperatures  better  suited  for  the  nitre  bath.  When 
the  combustion  in  the  furnace  was  not  sufficiently  rapid,  equilibrium 
of  temperature  was  only  imperfectly  realised. 

It  will  be  seen  that  the  value  of  (r  shows  no  systematic  variation, 
and  consequently  the  truth  of  Stefan's  law  may  be  regarded  as 
established. 

If  in  equation  (1)  we  put  S  for  S  where  8  is  the  total  loss  of 
energy  of  unit  surface  (see  Art.  283),  then  a-  is  the  absolute  emission 
of  a  black  .body.  Kurlbaum  has  found  the  value  of  a-  to  be 
5-32  X  10-1-  watts. 

286.  Distribution  of  Energy  in  the  Spectrum  of  a  Black  Body. — 
Experiments  were  also  made  by  Lummer  and  Pringsheim  ^  to  determine 
the  distribution  of  energy  in  the  spectrum  of  a  black  body.  For  this 
purpose  the  spectrum  was  produced  l)y  refraction  through  a  prism  of 
fluor-spar,  which  is  very  transparent  to  infra-red  radiations.  It  has 
indeed  two  strong  absorption  bands  in  the  extreme  infra-red  (see  Art. 
289),  but  these  are  beyond  the  range  of  Lummer  and  Pringsheim's 
experiments,  which  extended  from  wave-lengths .  of  G/x  up  to  about 
the  beginning  of  the  visible  spectrum.*-  As  the  use  of  lenses  would 
be  inadmissible,  the  image  of  the  slit  was  formed  by  means  of  a 
concave  mirror.  The  extent  of  the  part  of  the  spectrum  used  was 
o^^  times  the  width  of  the  image  of  the  slit.     The  radiations  were 

»    rerh.  dcr  Deutsrh.   Phijs.   Gcs.,  Feb.  1899;  Ann,  der  Physik,  Hd.  vi.  p.   192, 

1901. 

-  A  micron  or  -001  iiiiii.   is  generally  denoteil  by  jx.     The  range  of  tlie  visible 
spectrum  is  from  about  0-7/x  (red)  to  0-4/*  (violet). 


596 


THEORY  OF  HEAT 


CHAP.  TI 


140- 


130 


120- 


110 


100 


produced  by  means  of  an  electrically  heated  cylindrical  chamber,  the 
temperature  of  which  was  measured  by  a  thenno-element.  A  Lummer- 
Kurlbaum  linear  bolometer  was  employed  to  measure  the  radiant 
energy,  the  width  being  '6  mm.  and  the  thickness  0*001  mm.;  its 
resistance  for  a  length  of  10  mm.  was  IG  ohms.  The  results  were 
reduced  to  those  for  the  normal  spectrum  by  employing  the  Ketteler- 

Ilelmholtz  formula  of  dispersion,  the 
constants  of  which  for  fluor-spar 
have  been  determined  by  Paschen.^ 
As  the  platinum  strip  of  the 
bolometer  has  a  certain  width,  it 
will  measure  the  energy  of  the 
radiation  for  a  finite,  though  small, 
range  comprised  between  certain 
wave-lengths  A  and  A  +  8A^  It  does 
not  therefore  strictly  measure  the 
intensity  of  emission  for  a  definite 
wave-length,  but  its  mean  value  over 
a  small  range.  Also  as  the  image 
of  the  slit  has  a  finite  width,  the 
spectrum  is  not  quite  pure.  A 
method  of  correcting  for  the  iiidth 
of  the  slit  and  of  the  bolometer  is 
given  ill  Art.  *J0O. 

The    results    of     Lummer    and 
Piiiigsheini's    ol)servations    are    ex- 
hibited in  Fig.  181,  where  the  onli- 
nates    are    intensities    or    emissive 
powers  (which  are  proportional),  and 
the  abscissie  are  wave-lengths.     The 
total  energy  of  radiation  for  a  given 
temperature  is  represented   by  the 
area  between  the  curve  and  the  horizontal  axis.     This  area  increases 
according  to  the  fourth  power  of  the  aV>solutc  temperature,  according 
to  Stefan's  law. 

Experiments  have  also  been  carried  out   by  several  observers  on 

the   visible  part  of  the  spectrum,   using  a  photomet<>r  instead  of  a 

bolometer,  as  the  energy  is  very  small.     These,  as  well  as  the  curves 

of  Fig.  181,  will  be  discussed  vsubsequently. 

res«>ureof        287.    Boltzmann's  Proof  of   Stefan's   Law. — According   to  the 

diatioii.    electromagnetic  theory  of  light,  when  light  is  incident  perpendicularly 

1    U'iai.  An)}.,  Hd.  liii.  p.  301,  1894. 
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on  a  plane  surface  wliich  is  perfectly  reflecting,  it  exerts  a  pressure 
on  the  surface  equal  to  the  density  of  the  energy  of  the  radiation.^ 
If,  instead  of  a  parallel  beam,  the  light  is  incident  in  all  directions, 
then,  just  as  in  the  case  of  the  pressure  of  a  gas  (Art.  55),  the  pressure 
is  equal  to  one-third  of  the  density  of  the  energy.  If  then  a  reflecting 
surface  be  moved  against  incident  radiation,  work  must  be  done. 
The  demonstration  of  Stefan's  hiw  depends  on  the  apj)lication  of  this 
j>rinciple  to  an  imaginary  process  suggested  by  Bartoli. 

Let  AC  (Fig.  182)  be  a  cylinder  of  unit  section  and  of  length  (7, 
whos(?  sides  ave  perfectly  reflecting,  but  the  end  AB  is  a  pei'fectly 
black  body  at  absolute  temperature  f).     The 

cylinder  is  closed  hy  a   |>erfectly    reflecting    B C 

[nstoii  P.     Lt.'t  I*  be  at  any  dist^mce  x  from 

CI).     Then   the  space  between  P  and  AB, 

whose  volume  is  ti  -  a  is  filled  with  diftused    '^  Vv^.  ise. 

radiations  of    a   density  ^   corresponding  to 

the  temjxM-ature  H  of  AB.      When  equilibrium  is  est^iblishcd,  let  AB  be 

rej^laced  by  a  perfectly  I'cflecting  plate,  luid  let  the  piston  be  pushed  in 

a  distance  J.i' ;  then  writing  down  the  thermodynamic  equation  of  work 

(.see  Art.  323) 

which  expresses  the  fact  that  the  total  energy  //(J  supplied  is  expended 
jwrtly  in  increasing  the  internal  energy  of  radiation  by  an  amount  dU, 
and  i>firtly  in  doing  external  work  r/\V,  we  have,  since  IJ  =  (u  -  .v)\// 
and  /AV  =  -  jfJ.r  -    -  ;l^'/'* 

di)- if  {,(-.,  r^]-  \\ftfy 
—  (il  —  .r  ul\^  —  \\ffl.i' 

If  <{j  is  the  entropy  (Art.  334)  of  the  radiation, 

//di=           -.               ff\l  :_  41. '\ 
^           |>             P          ■ UiO.  — J      - 


j^',  "  TkBory  qf  Hma. 


ERRATA 


Page  597,  line  7  IVom  bottom,  for  =^jQdx  re«l  'Z^^' 
698,  line  18  from  bottom, 
for  =4,j";iMr=4^K= W  re«i  =4,/;Krfr=4^K=4,rV. 
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and  as  0  is  independent  of  x,  being  a   function  of   ^  only,  the  last 

eqimtion  becomes 

1_4/1 _f  de\ 

e~3\e   e'-drp)' 
or 

the  integral  of  which  is 

where  6  is  a  constant.     This  proves  Stefan's  Law. 

288.  Wien*s  General  Formula  for  the  Law  of  Pistribution  of 
Energy.^ — Let  us  now  consider  the  case  of  a  perfectly  reflecting 
spherical  chamber  with  a  very  small  radiating  body  at  the  centre. 
As  soon  as  equilibrium  is  established,  let  us  imagine  the  radiating 
body  to  be  replaced  l)y  a  small  spherical  mirror,  then  all  the  rays  will 
travel  Iwck wards  and  forwards  along  the  normals  to  the  surface.  If  r 
is  the  radius  and  ^  the  density  of  energy  next  the  surface,  if-  will  not 
in  this  case  be  constant  throughout  the  sphere,  but  ^r-  will  be 
constant ;  denote  this  (juautity  by  K,  then  if  U  is  the  total  energ\' 
within  the  sphere 

U  =  4t  I   \f/)^dr 


=  4tI    Kdr  =  AjrrK  =  '\irr  }f/. 


The  pressure  of  ladiation  on  the  whole  surface  is  Airr-xf.  Let  the 
sphere  dilate  uniformly  so  that  the  radius  increases  ]>y  a  small  amount 
di\  the  work  done  )>y  the  radiation  is  ■^Trr-iftfr ;  thus  the  energy 
ecjuation  (see  preceeding  Art.) 

]>ecomes 

-  \Tri\rd\l^-i,  \yi,dn  .  .  .  .  (1| 

If  we  proceed  as  in  Art.  '287  we  deduce  Stefan's  law  as  before. 
This  shows  that  the  law  is  equally  tiue  for  the  directed  ra<liation  from 
a  })oi]it  source. 

If  we  suppose  the  sphere  to  expand  with  a  constant  vehxMtv  '■, 
then,  by  Doppler's  principle,  the  wave-length  of  a  ray  is  increased  at 
each  reHection.  Let  A„  and  T,^  be  the  original  wave-length  and  peiiodio 
time,  A^  and  T^  the  wave-length  and  periodic  time  aft^r  one  reflection, 
and  let  us  count  the  time  from  the  instant  at  which  a  particuhir  wave 
is  reflected  from  tlie  surface  of  the  sphere  at  a  point  A   (Fig.  183). 

*  \V.  Wien,  Jxoj>porfs  jn-fist'nft.'a  au  Coni/ris  InUrnationol  de  Pht/siqift*,  Paris,  li»00. 
vol.  i.  ;  yinn.  d'r  PInjsik,  H<1.  Iviii.  p.  ^iyi,  1S96. 
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The  next  wave  coming  from  the  centre  0  reaches  A  at  the  time  T^ 

Imt  in  the  meantime  the  surface  has  moved  out,   ^ -^ — p 

and  is  overtaken  by  the  wave  at  the  point  B  at  y\g,  is3. 

the  time 

AIIJ_„,     AB 

r  being  the  velocity  of  light.     This  wave,  after  reflection  at  B,  reaches 

A  again  at  the  time 

^_,„^2AB 

P^liminating  AB  from  these  two  equations,  we  get 

W  +  2C-, 


r       ^ 


neglecting  the  square  and  higher  powers  of  r'r  as  very  small  quantities. 
Now  as  the  velocity  is  always  the  same,  the  wave-lengths  are  pro- 
portional to  the  periodic  times,  therefore 

The  time  taken  l>y  a  wave  to  go  back  to  the  central  mirror  and 
out   acain   is   — .     The  time   that   the  surface  takes   to  move  out  a 

V 

dr 
(iisumce  dr  is  — ,  therefore  the  number  n  of  reflections  which  occur  in 

c 

this  time  is  given  by  the  equation 

<•     dr 
n=     •    -. 

t'     2r 

The  wave-length  is  altered  in  the  same  ratio  at  each  reflection, 
therefore  if  A„  is  tlie  wave-length  after  n  reflections 

.      r      i/r 

Making  c  infinitely  small,  we  obtain  as  the  value  of   the  wave- 
length A  for  a  given  exjxmsion  dr 

(fir 
1   +  yY  ~, 

when  m  =  00  ,  or 

X  =  V (2) 
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The  process  is  reversible,  for  if  we  make  the  sphere  contract  again 

by  an  amount  -  dr,  the  wave-length  is  reduced  to  A^  =  A«      *•,  which  is 
the  same  equation. 

Expanding  equation   (2)  and  neglecting  the  square   and   higher 

powers  of  — ,  we  have 


and  putting 
we  get 

therefore 


x=x„(i +';:). 


fA  = 

\-\ 

d\ 

r/r 

\ 

"  r' 

X 

r 

\ 

"ni 

0» 


(3) 


or,  the  wave-length  is  increased  in  the  same  ratio  as  the  radius. 

Equation   (1)  gives  us,   if  we   put  rfQ  =  0,   since   the   process  is 
adiabatic, 

the  integration  of  which  gives 

VC'TKJ')'  ■■■■.■   '.' 


^0     \r  I       \ 

but,  bv  Stefan's 

law 

therefore 

e     \ 

Bo    \' 

or 

0\  =  roust. 

p- 


Wicirs.lis-  This  important  e(|U.'ition  expresses  the  fact  that  if  radiation  of  a 
placement  particular  wave-length  corresponding  to  a  definite  temperature  is 
adiabatically  altered  to  another  wave-length,  then  the  temperature 
changes  in  the  inverse  ratio.  This  is  known  Jis  AVien's  displacement  law. 
In  the  sphere  which  we  have  been  considering  there  exist  radia- 
tions of  all  wave-lengths.  These  are  perfectly  independent  of  each 
other  and  all  have  their  wave-lengths  altered  in  the  same  ratio  by 
e(iuation  (3).  The  intensity  Ia  and  emissive  power  E^  vary  i\s  the 
fifth  power  of  the  absolute  temperature.  For  let  r  r^^  =  k^  then  if  we 
confine  our  attention  to  radiations  of  wave-lengths  comprised  between 
the  values  A^,  and  A,^  -r  6A,„  these  limits  become  altered  to  A  and  A  +  oA, 
and  as  A  =  /.A,,,  and  A  +  (SA  =  //(A^,  -f  8A„)  l>y  (3)  we  have  SA  =  HX^.  If 
^^  is  the  (>ri<;inal  density  of  these  radiations,  this  changes  to  S^^,  where 
8i/^j  =  1:^^  In-  (4V     But  oi^  is  proportional  to  Ex6A  (Art.  282), 
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therefore 

Ea«X  _5\I^  _l_ 

therefore 

Combining  (5)  and  (6),  we  obtain 

E;^\* = const =cyi\e), 

or 

E;^=c\-y(\e) (7) 

where  C  is  an  absolute  constant. 

Equation  (7)  is  a  general  foimula  for  the  distribution  of  energy  in 
the  spectrum.  It  contains,  however,  an  unknown  function  of  A6.  In 
the  next  article  we  shall  discuss  the  various  forms  which  have  been 
suggested  for  this  function.  But  whatever  the  form  given  to  the 
function,  the  equation  satisfies  Wien's  displacement  law  and  Stefan's 

z-^f{z)dz  is  finite.      For  the  total  energy  S,  which 

is   equal   to    /  Ea^A,   must  be    finite,   and    putting    A9  =  c,   we    have 
ch  =  0</A,.and  therefore 


/ 

■  0 


-  Ce4  I  ^^-\t\z)dz (8) 


It  should  be  noticed  that  in  the  alx)ve  investigation,  the  expansion 
of  the  sphere  does  not  disturb  the  temperature  equilibrium.  When  a 
space  is  filled  with  *  black  '  radiation,  that  is,  with  waves  in  temperature 
equilibrium,  for  each  wave-length  A  there  is  a  corresponding  intensity 
i\.  In  the  case,  therefore,  of  a  space  filled  with  radiation  all  of  the 
same  wave-length  (between  narrow  limits),  we  may  still  speak  of  the 
temperature  of  the  radiation,  meaning  thereby  the  temperature  of  a 
black  distribution  which  would  give  the  same  intensity  to  the  same 
wave-length.  And  by  equiition  (6)  we  see  that  the  temperature  of 
each  wave-length  is  changed  in  the  same  ratio  A*"'\  so  that  if  the  radia- 
tions were  initially  in  temperature  equilibrium,  they  would  remain  so. 

We  may  also  point  out  that  in  a  chjimber  with  perfectly  reflecting 
walls,  any  distribution  of  energy  would  be  permanent ;  for  no  inter- 
change can  take  place  between  radiations  as  such ;  it  is  only  by 
absorption  at  the  lioundaries  that  equilibrium  can  be  brought  about. 
This  remark  is  due  to  Prof.  Larmor.^ 

*  Enty.  Brit..  10th  cd.,  Art.  "Radiation." 
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Wien's  displacement  law  has  been  verified  by  Lummer  and  Prings- 

heim  and  othei-s.     If  we  suppose  the  change  from  one  temperature  to 

a  higher  one  to  take  place  by  means  of  an  adiabatic  compression,  then 

by  Wien's  law,  the  new  curve  of  distribution  (Fig.  181)  is  got  from 

the  first  one  by  shifting  each  ordinate  towards  the  origin  in  the  ratio 

of  distances  B,, :  0,  and   increasing  its   height  in   the   ratio   8* :  ^^\ 

Thus  to  a  maximum  ordinate  E,„„  in  the  fii-st  curve  corresponds  the 

maximum   ordinate   E,„  of  the   second ;  and   therefore   if   A,^  is  the 

abscissa  of  a  maximum  ordinate, 

X^B  =  const.  =  A  (say) 
E,„B-'  —  const.  =  B. 

The  following  table  exhibits  the  results  of  Lummer  and  Pringsheim's 
experiments.  The  temperatures  given  in  the  sixth  column  were 
calculated  by  putting  the  mean  value  of  B  ( =  2188  x  10"^')  in  the 
formula. 


Ahs.  Temp, 
(observinix 

4-53 

2  026 

A  -~  A#mW. 
2814 

( X  10>"). 
2190 

621*3 

Diff. 

621-2 

+  0-1 

723 

4-08 

4-28 

2950 

.      2166 

721-5 

-1-5 

908  -5 

a -28 

l.S-66 

2980 

2208 

9101 

+  1-6 

998-5 

2-96 

21 -50 

2956 

2166 

996-5 

-20 

1091-r> 

271 

:U-0 

2966 

2164 

1092-3 

-  2-2 

12f)9  0 

2-:5r. 

{\S'>^ 

29r»9 

2176 

1257-5 

-  1  -5 

14»*.n-4 

2-ni 

i4r.-o 

2979 

21 M 

1460-0 

-(••4 

1646 

rrs 

•270  ♦; 

2928 

Ii-Jl6 

165a -5 

289.  Formulae  for  the  Law  of  Distribution. — We  shall  now  give 
the  principal  furniula*  which  have  ])een  proposed  for  the  law  of  dis- 
tribution of  energy  in  the  spectrum  of  a  black  body.  All  such 
formulae  must  conform  to  Wien's  general  law  expressed  by  equation  (7), 
Art.  288,  which  we  sliall  now  wiite 

E  =  C.\-Y,Mr 1) 

where  K  may  be  taken  to  be  either  the  emissive  jx)wer  or  the  intensity 
of  black  radiation,  the  ditVerence  consisting  only  in  the  factor  -,  which 
niav  be  included  under  C\ 

In  1887  Michelson  deduced  a  formula  from  certain  asvsumptions 
based  on  ^laxwell's  law  of  distribution  of  velocities  amongst  the 
molecules  of  a  gas.  As  Michelson's  formula  does  not  satisfy  equation 
(1)    we    shall   not    further   consi(h*r   it;    his   idea   of    making   use  of 

Wieir.N        Maxwell's   hiw  was,   however,  adopted   by  Wien,^  who  imagines  the 

formula.      radiation  to  be  produced  in  the  following  waj'  : — 

'  Ann.  >kr  Phusil:,\U.  Iviii.  p.  662:  1896. 
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Let  A  be  a  chamber  whose  internal  surface  is  perfectly  reflecting, 
and  B  a  perfectly  transparent  vessel  within  A.  Suppose  the  space 
between  these  filled  with  a  gas  cajmble  of  absorbing  and  emitting 
radiations.  If  the  temperature  of  the  gas  is 
uniform  the  space  within  B,  which  we  may  /'O— ^^^nA 
take  as  vacuous,  will  be  filled  with  black 
radiation.  Wien  makes  the  following  assump- 
tions : — 

(1)  Each  molecule  sends  out  rays  whose 
wave-length  depends  only  on  the  velocity 
of  the  molecule,  and  of  which  the  intensitv 
is  a  function  of  this  velocity.  Since  the 
wave-length    is   a   function    of    the    velocity, 

the  velocity  may  be  regarded  as  a  function  of  the  wave-length. 

(2)  The  energy  of  radiation  of  wave-length  between  limits  \  and 
A  -h  rfA  is  proportional  to  the  number  of  molecules  sending  out  waves 
of  this  period  and  to  a  function  of  the  molecular  velocity  v. 

Now  on  the  kinetic  theorv  the  number  of  molecules  whose  velocities 
lie  between  the  limits  v  and  v  +  dv  is 

r-' 

where  a  is  a  constant  given  by  the  equation 

r-  being  the  mean  square  of  velocity  of  all  molecules.  Therefore,  ex- 
pressing V  as  a  function  of  A,  and  remembering  that  i^  is  projjortional 
to  the  absolute  temperature,  we  may  write  the  number  of  molecules  as 

_/(A) 

and  as  the  energy  is  proportional  to  this  expression  and  to  some  other 
function  of  A,  we  get 

E  =  F(\y     ^" 

A  comparison  of  this  equation  with  the  general  form  (1)  gives  Wien's 
formula 

E  =  C\-'c"'^*^ (^) 

where  c  and  C  are  cons  tan  ti5. 

This  equation  makes  E  vanish  for  A  =  0,  or  A  =  x; ,  as  it  should  do. 
If  0  =  00   E  is  finite. 

Wien's  assumptions  are  l)v  no  means  o])viously  true,  and  the 
experiments  of  Lummer  and  Pringsheim  described  in  Art.  28o  show 
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that  the  formula  does  not  accord  well  with  the  facts.  Equation  (2) 
gives  for  a  constant  wave-length  A 

log  E  =  7, -72^, 

where  y^  and  yg  *re  independent  of  9.     If  then  curves  are  plotted  for 

given  wave-lengths,  taking  log  E  as  ordinate  and  6 "  ^  as  abscissa,  these 

curves   (isochromatics  of   Nichols)  should   be   straight    lines.     Thej 

exhibited,  however,  a  distinct  curvature  near  the  axis  of  ordinates, 

that  is  for  high  temperatures. 

Paschen  and  Wanner  found  that  Wien's  formula  was  well  satisfied 

by  the  results  of  their  experiments,  which  were  made  on  the  visible 

rays,   using  a   photometer  instead   of   a  bolometer.       We   shall  sec 

presently  how  these  divergent  results  can  be  reconciled. 

Lord  Lord  Rayleigh  ^  has  argued  that  it  is  unlikely  that  E  should  tend 

Rayleigh  s  ^^  g^  finite  value  for  infinite  values  of  6,  and  also  that  as,  accordinir  to  the 
formula.  ,        '  »  o 

Maxwell-Boltzniann  law  of  partition  of  energy,  the  energy  of  a  system 
which  can  vibnate  in  several  modes  is  equally  divided  amongst  the 
modes,  and  as  this  law  is  probably  true  for  the  graver  modes  at  least, 
there  should,  for  waves  of  low  frequencies,  be  equable  partition  of 
energy  between  temperature  heat  and  radiation ;  and  as  temperature 
energy  is  proportional  to  the  temperature,  the  radiation  for  long  waves 
should  vary  ultimately  as  the  temperature.     He  proposed  the  formula 

E  -a:\-H)c  ~ ^"^ (.r- 

which  satisfies  e<juation  (1).      It  does  not,  however,  agree  well  with 
experimental  results  except  for  long  waves  and  high  temperatures. 
Thiesen  -  suggested  the  formula 

c 

Y.  =  L'\-\\^h'^^ (4) 

which  ;i<xrees  better  with  experiment,  and  also  makes  E  become  infinite 
with  ().      But  it  has  no  theoretical  justiHcation. 

The  three  formula^  {'!),  (3),  and  (4)  can  all  be  included  under  the 
more  general  form 

E-C^"^\e/"^t"^' 

Lord  IxayliMgli's,  Thiesen's,  and  Wien's  equations  being  obtained  by 
giving  /t  the  values  4,  4  "5,  and  5  respectively. 
Jahnkc'^  proposed  the  em])irieal  formula 

K  -  c\-*a- "  (AH)'' ;:.t 

which  agrees  well  with  experiment  on  putting  i'=  1 '3. 

'   Phil.  JftK,.,  .lune  1000.  -  J'crh.  d.  Dnitseh.  rJiy.<.  Grs.,  Feb.  1900. 

^  Luiiirnerand  Jaliiike.  Atni.  (fcr  Phjfsik,  Bd.  iii.  p.  2S.3  ;  ]900. 
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The  most  satisfactory  formula  on  theoretical  as  well  as  experimental  Planck's 
grounds  is  one  given  recently  by  Planck  ^ —  formula. 

E=    p —       •         •         .         .         ■         .         (6) 

This  equation  is  in  close  accord  with  the  results  of  the  experiments 
of  Lummer  and  Pringsheim  and  also  agrees  with  those  of  Paschen. 
For  small  values  of  A  and  6  it  approximates  to  Wien's  formula  (2), 
and  for  large  values  of  A  and  B,  in  which  the  higher  terms  in  the 

expansion  of  ef^®  may  be  neglected,  it  approximates  to  Lord  Rayleigh's 
formula  (3).  This  explains  how  Paschen,  experimenting  with  short 
waves,  verified  Wien's  formula,  while  Lummer  and  Pringsheim, 
working  with  long  waves  and  high  temperatures,  found  deviations 
from  that  formula.  Lummer  and  Pringsheim  subsequently  carried 
out  a  series  of  experiments  on  the  visible  spectrum,  using  a  Lummer- 
Brodhun  photometer,  and  confirmed  the  results  of  Paschen  and 
Wanner,  as  well  as  Planck's  equation. 

Planck's  formula  makes  E  infinite  when  B  is  infinite,   and  also  Rubens 
fulfils    Lord    Kayleigh's    condition    that    for    long    waves    and    high  ?"^  ^"^^' 
temperatures  E  should  vary  ultimately  as  6.     This  condition  has  been  experi- 
experimentally  verified  by  Rubens  and  Kurlbaum,-  using  a  method  ™®"^* 
due  to   Beckmann.     There  are   many  substances   which  possess  the 
property  of  seleciife   irflcdion    (commonly   associated   with   anomalous 
dispersion),  that  is,  that  they  powerfully  reflect  rays  of  a  particular 
wave-length.     The  rays  which  are  most  strongly  reflected  for  incident 
light  are  those  which  are  njost  strongly  absorbed  for  transmitted  light, 
that   is,   they  are   rays   for   which    the   substance    has  a   very   large 
coefficient    of   absorption.^      It   has   been    mentioned    that   fluor-spar 

*  Ann.  iJfr  Phyidk,  lid.  iv.  p.  r).'>3  ;  1901.  The  outlines  of  Planck's  method  are  as 
follows.  He  imagines  a  space  bounded  by  j)erfectly  rellecting  surfaces  and  which 
contains  a  number  of  tuned  Hertzian  resonators,  to  be  filled  with  monochromatic 
waves  of  the  same  period.  These  are  being  continually  absorbed  and  emitted  by 
the  resonatoi-j*.  Borrowing  from  the  kinetic  theory  of  giises  the  definition  of  entropy 
as  the  logarithm  of  the  probability  of  the  existing  distribution  of  energy,  and 
making  use  of  (u)  Wien's  law  given  by  ecjuation  (I)  above,  [h)  an  expression  for  the 
intensity  of  radiation  of  a  Hertzian  resonator  obtained  by  means  of  the  electro- 
magnetic theory,  and  (<)  the  thermodynamic  relation  between  temix'raturc,  entropy, 
and  energy,  he  calculates  an  expression  for  the  entropy  of  the  system  in  terms  of 
the  energy  and  frequency  of  a  single  resonator,  and  hence  obtains  the  formula  given, 
above.  Prof.  Larmor  (Brii.  Ass(n:.  Hep.  1902)  has  recast  Planck's  argument  so  as 
to  remove  certain  objections. 

-  Sitz.  der  Prenss.  Akad.ihr  Jriss.  Berlin,  p.  929  ;  Oct.  1900.  Ann.  der  Physik, 
Bd.  iv.  p.  649;  1901. 

^  The  coefficient  of  absorption  of  a  substance  must  not  be  confounded  with  its 
absorptive  power.  Polished  metals  have  a  small  absorptive  power,  but  a  very  large 
coefficient  of  absorption,  i.e.  they  are  highly  ojraque  to  transmitted  light. 
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freely  transmits  infra-red  rays,  but  there  are  two  bands  in  the  infra- 
red spectrum  produced  by  refraction  through  fluor-spar,  these  corre- 
spond to  wave-lengths  of  24/x  and  31'6/i  respectively.  Kays  of  Uiese 
wave-lengths  are  strongly  reflected  by  fluor-spar.  By  means  of  four 
successive  reflections  from  fluor-spar  surfaces  Beckmann  succeeded  in 
obtaining  these  rays  of  considerable  purity.  The  experiments  of 
Rubens  and  Kurlbaum  were  made  with  black  bodies  ranging  in 
temperature  from  -  188°  C.  to  1500°.  The  apparatus  is  represented 
in  Fig.  185.     K  is  the  black  body,  of  which  four  kinds  were  used,  one 


K  b'  S 

=m  ;:vM-{S- — 4"-"l 


1 


Fig.  1S5. 

of  which  could  be  surrounded  with  liquid  air,  another  with  a  mixture 
of  solid  carbon  dioxide  and  ether,  and  the  third  with  steam,  while  the 
fourth  could  be  heated  electrically.  E  is  the  thermoelement  giving 
the  temperature.  1)^  and  Dg  are  screens  with  small  apertures,  and  S 
the  shutter  of  the  measuring  apparatus,  all  these  three  being  filled 
with  water  at  air  temperature.  Pj,  R„  P3,  and  P^  are  four  reflecting 
surfaces  of  Huor-spur ;  M  is  an  adjustable  mirror,  and  T  a  thermopile. 
It  is  obvious  that  this  instrument  furnishes  a  method  of  measuring 
the  intensity  of  radiation  of  a  given  wave-length  for  various  tempera- 
tures. The  results  obtained  agreed  well  both  with  Jahnke's  and 
Planck's  formula,  Init  showed  considerable  deviation  from  Wien's. 

Other  substances  possessing  the  same  property  of  selective  reflec- 
tion for  infra-red  radiation  are  sylvine  (A  ==  00/x),  rock-salt  (A  =  51'2/i), 
and  <iuartz  (A  =  S'S')//).  llubens  and  Kurlbaum  also  experimented 
with  the  two  latter  and  confirmed  their  previous  results. 

290.  Correction  for  width  of  Bolometer  and  Slit.' — Let  XPV  (Fig.  186)  1^  a 
l»ortion  of  the  true  curve  connecting  intensity  and  wave-length  in  the  spectrum  of  a 
bla(?k  Ixuly.  and  suppose  tliat  a  correction  is  to  be  aj)plied  for  the  width  of  tlie  bolometer 
only.  If  AU  is  tlie  width  of  tlie  bolometer  on  the  spectrum,  then  the  instrument, 
instead  of  givin^;  the  true  intensity  MP  for  the  middle  point  M  of  AB,  gives  the 
mean  intensity  MP'  between  A  and  ]>  ;  in  other  words,  it  measures  the  energy 
represented  l>y  the  area  AXI'VB,  which,  divided  by  AB,  gives  MP'.  The  curve 
thus  obtained  will  be  the  dotted  curve  X'P'Y'  ;  the  })roblem  is  then  how  to  obtain 
the  true  curve  from  the  plotted  curve  X'P'Y'.  , 


'  This  method   is  adapted    from   a  paper  by  Lord  Rayleigli   {Phil,   Mag.y  vol. 
xlii.  p.  441,  1S71). 
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We  may,  with  close  approximation,  suppose  the  true  cuiTe  XPY  to  be  coincident 
with  a  parabola  drawn  through  X  and  Y  with  its  axis  vertical,  and  having  its 
tangents  at  X  and  Y  coincident  with  those  of  XPY.  By  the  geometry  of  the 
l»arabola,  the  area  of  XPYX  is  §NP  x  AB  ;  but  this  area  is  NF  x  AB  by  definition, 
therefore  NP'  =  §XP.  Now,  for  a  very  short  distance  along 
the  curve,  we  may  assume  that  the  difference  of  the  ordinates 
of  the  two  curves  is  changing  at  a  uniform  rate,  that  is,  that  PP' 
is  a  mean  between  XX'  and  YY'.  But  XN'  is  the  mean  of 
XX'  and  YY',  therefore  NN'-PP',  therefore  PP'  =  i  FN'. 
Thus  we  obtain  the  following  rule — Draw  a  chord  X'Y',  the 
difference  of  whose  abscisste  AB  rei)re8ents  the  width  of  the 
boloiueter.  Erect  the  middle  ordinate  MP',  and  add  to  it  one- 
third  of  the  length  P'N'  intercepted  between  the  curve  and  the 
chord.     This  gives  the  point  P  on  the  true  curve. 

A  second  application  of  the  same  process  would  furnish  a 
correction  for  the  width  of  the  slit,  taking  AB  as  the  width  of 
the  image  of  the  slit. 

If  the  curvature  is  a  maximum  at  P,  the  difference  of  ordinates  PP'  is  also  a 
maximum,  so  that  in  this  case  PP'  would  be  greater  than  either  XX'  or  YY' ;  thus 
with  very  i»eaked  curves  there  is  a  tendency  for  the  corrected  curve  to  be  still  a  little 
too  flat  at  the  peak,  unless  the  deviation  from  the  parabolic  form  happens  to  be 
such  as  to  correct  for  tliis.     In  any  case,  the  error  in  practice  would  be  negligible. 


A        M         B 
Fig.  186. 


Examples 

1.   Find  a  relation   between    the   constants   of  Planck's  efjuation   and  that  of 
3  te  fan's. 

{Taking  the  total  radiation  to  surroundings  at  absolute  zero. 

On  [tutting  u~^  for  X.  this  transforms  to 

Exjjandinj^  by  the  binomial  theorem,  and  integrating  term  by  term,  we  obtain 


therefore 


T*       C    ) 

15     c*  J 


2.  Fin<l  the  values  of  the  constants  c  and  C  in  Planck's  etpiatitm,  assuming 
that  \mG  =  2'94  in  centimetre-degrees,  and  that  <r  =  5':32  x  10"^  in  ergs  per  sq.  cm. 
per  see.  i>er  (degree)^. 

{If  E  is  a  maximum  for  a  given  temperature,  dE/d\  =  o  ;  therefore,  differentiating 
Planck's  expression,  regarding  O  as  constant,  we  get 


x.!e=Ki-'''~") 
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As  a  first  approximation,  put  c/\,„8  =  5,  and  then  substitute  ;  the  second  approxima- 
tion gives  4*966,  and  a  third  gives  4*965,  therefore 

c  =  4*965x2*94  =  14-6. 

Making  use  of  the  result  of  the  preceding  example, 

C  =  1,5  X  ^^^-^y  X  5-32  X  10-*=  -372 

in  ergs  x  cm.-  per  sec.}] 


SECTION   VI 

MEASUREMENT   OF  TEMPERATURE   BY   RADIATION 

291.  [Radiation  Scale  of  Temperature. — It  follows  from  the 
principles  explained  in  the  preceding  section  that  the  radiation  within 
an  enclosure  whose  walls  are  at  a  uniform  temperature  is  unique  in 
character,  and  that  the  density  of  energy  is  uniform.  If  then  we 
define  the  temperature  of  such  an  enclosure  by  means  of  the  formula 

when  k  is  some  constant,  and  xp  the  density  of  radiant  energy,  we  are 
furnished  with  a  new  scale  of  temperature,  which  does  not  depend  on 
the  specific  properties  of  any  body,  and  which  is  therefore  an  absolute 
scale  in  the  same  sense  as  Lord  Kelvin's  thermodynamic  scale.  If  we 
assume  that  a  body  at  the  absolute  zero  of  Lord  Kelvin's  scale  does 
not  emit  any  radiations,  then  the  zeros  of  the  two  scales  are  identical. 
By  giving  a  suitable  value  to  /*  we  may  make  the  two  scales  coincide 
at  one  other  given  temperature,  e.g.  at  0°  C.  The  scales  will  then 
coincide  at  all  other  temperatures  if  Stefan's  law  is  rigidly  true. 

It  will  be  noticed  that  this  method  of  defining  temperature 
enables  us  to  speak  of  the  temperature  of  a  vacuum,  by  which  we 
mean  the  temperature  characteristic  of  the  radiation  which  fills  it. 
If  the  density  of  the  energy  is  given,  then  its  temperature  is  given 
uniquely,  provided  that  the  radiation  is  completely  diffused.  If  the 
radiation  is  not  diffused,  then  its  temperature  will  not  be  the  same  as 
that  of  diffused  radiation  of  the  same  density.  Thus  in  the  ideal 
perfectly  reflecting  spherical  chamber  of  Wien  (Art.  288)  the 
temperature  is  uniform  throughout,  though  the  density  ^  is  not ; 
this  is  because  the  radiation  is  directed  radially  in  all  parts  of  the 
sphere.  In  this  case  the  temperature  is  everywhere  that  of  the  small 
black  body  supposed  to  have  been  originally  placed  at  the  centre. 
In  the  same  way  the  temperature  of  the  sun's  rays  as  they  reach  the 
earth's  atmosphere  is  effectively  that  of  the  sun  himself.  The  earth's 
surface  is  not,  however,  raised  to  a  high  temperature  by  these  rays ; 
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this  is  because  the  earth  is  receiving  energy  from  the  direction  of  the 
sun  only  and  radiating  it  to  all  parts  of  the  heavens.  We  can,  bj 
means  either  of  a  lens  or  parabolic  mirror,  increase  the  solid  angle 
virtually  subtended  by  the  sun  at  an  absorbing  surface  without 
increasing  the  emitting  surface,  and  in  this  way  very  high  temperatures 
may  be  attained.  A  small  body  placed  at  the  focus  of  a  parabolic 
mirror  whose  aperture,  as  viewed  from  the  focus,  is  less  than  the 
sun's  angular  diameter,  would  be  raised  to  the  temperature  of  the  sun, 
if  no  absorption  took  place  in  the  atmosphere  or  at  the  surface  of  the 
mirror.  Any  directed  quality  in  radiation  increases  its  temperature 
and  thermodynamic  availability.  Thus  polarised  light  is  of  a  higher 
order  of  availability  than  ordinary  light  of  the  same  intensity. 

The  application  of  the  laws  of  radiation  to  the  practical  measure- 
ment of  temperature  is  especially  suited  to  the  determination  of  high 
temperatures,  since  there  is  no  limit  to  the  temperature  which  the 
instruments  are  capable  of  measuring,  and  there  is  no  objection  to  the 
use  of  the  method  beyond  the  limits  of  the  gas-thermometer,  since 
the  laws  on  which  it  is  based  are  themselves  founded  on  theoretic 
principles  and  not  on  empirical  results.  We  may  find  the  temperature 
of  a  chamber  which  radiates  as  a  black  body  by  means  of  a 
standardised  bolometer,  using  any  one  of  the  three  formulae — 

s=<r(e^-eo*) (1) 

X„,B  =  const.  .....         (2) 

E,„B-*  =  const.  .....         (3) 

the  first  being  Stefan's  law,  and  the  two  others  contained  in  Wien's 
law.  Of  these,  Stefan's  law  is  the  simplest  to  use  in  practice,  as  the 
spectroscope  is  not  required.  The  second  formula  does  not  lend  itself 
to  accurate  work,  as  the  wave-length  A,,^  for  which  E  is  a  maximum 
cannot  be  fixed  precisely.  Tlie  maximum  value  E,,,  can,  however,  be 
accurately  estimated,  and  as  it  increases  enormously  with  the 
temperature,  the  third  fomiida,  like  the  first,  is  especially  suited  for 
measuring  high  temperatures. 

The  only  serious  objection  to  the  use  of  the  radiation  metho<l  is  that 
it  is  only  strictly  applicable  to  the  measurement  of  the  temperature  of 
a  black  ])ody.  Thus  it  would  be  the  appropriate  method  to  use  in 
finding  the  temperature  of  the  interior  of  a  Bessemer  converter  after 
the  blow,  or  of  any  other  chamber  at  a  fairly  uniform  temperature 
and  with  a  small  aperture.  But  for  measuring  the  temperature  of  an 
incandescent  burner  or  of  the  electric  arc  it  is  not  so  suitable.  It 
will,  however,  enable  us  to  assign  a  lower  limit  to  such  temperatures. 

Another  method  may  be  employed,  which  is  applicable  to  high 
temperatures  only.     This  consists  in  comparing  the  brightness  of  the 
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heated  body  with  that  of  a  source  at  known  temperature  by  means 
of  a  photometer.  This  method,  on  account  of  the  selective  emission 
of  bodies,  is  also  only  strictly  applicable  to  black  bodies.  Melted 
platinum  reflects  light  well,  which  shows  that  it  cannot  be  a  perfect 
radiator,  and  the  same  is  true  of  other  substances. 

292.  Lummer  and  Pringsheim*s  Experiments.^ — In  order  to  prove 
the  efficiency  of  the  radiation  laws  for  the  measurement  of  temperature, 
Professors  Lummer  and  Pringsheim  made  a  series  of  determinations 
of  the  temperature  of  a  specially  constructed  black  body,  using  three 
different  methods — formulse  (1)  and  (3)  above,  and  the  photometer 
method — and  thus  tested  the  agreement  between  them. 


"W 


E 


FiK.  187. 


The  radiating  chamber  was  represented  by  a  carbon  tube  K 
(Fig.  187)  with  a  wall  1*2  mm.  thick,  34  cm.  long,  and  an  internal 
diameter  of  1  cm.  In  the  manufacture  of  this  tube,  care  was  taken  to 
secure  an  accurate  cylindrical  form  and  even  thickness  of  wall  The 
ends  were  slightly  conical  and  covered  with  copper  by  electro- 
deposition.  Over  these  conical  ends  thicker  carbon  cylinders  A  were 
fitted ;  these  were  copper-plated  within  and  without,  and  rested  in 
strong  metallic  clamps  B  which  conveyed  the  current.  The  back 
wall  of  the  radiating  cavity  was  formed  by  the  plug  Pj,  fitted  in  the 
centre  of  the  carbon  tube  and  closing  as  air-tight  as  possible.  The 
form  of  plug  shown  was  chosen  so  as  to  reduce  as  far  iis  possible  the 
unavoidable  inequality  of  electrical  heating  produced  by  it.     Behind 

*  SUz,  (ler  DeiUsch.  Phys,  OeselL,  Jan.  1903.     Elcctrkiany  Aug.  7,  1903. 
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Pj  was  placed  a  second  plug  P2,  which  diminished  the  harmful  effect 
of  any  gap  between  the  first  plug  and  the  wall  of  the  tube.  A  third 
plug  P3  closed  the  end  of  the  tube  hermetically,  in  order  to  cut  off  the 
oxygen  of  the  atmosphere.  To  protect  the  carbon  from  burning,  the 
hot  tube  was  surrounded  by  a  system  of  enclosures,  whose  mounting 
may  be  seen  from  the  figure.  Since  the  porcelain  carriers  T  were 
firmly  mounted  on  the  thick  carbon  cylinders  A,  and  were  pressed  tight 
against  the  projecting  noses  of  the  carbon  cylinders  by  means  of  the 
copper  rings  C,  the  air  could  not  directly  reach  the  outside  of  the 
heating  tube.  The  innermost  protecting  tube  U  was  of  carbon,  which 
had  the  double  advantage  of  being  capable  of  withstanding  the  high 
temperature  and  of  freeing  any  air  from  oxygen.  The  other  tubes  were 
partly  of  porcelain  and  partly  of  asbestos,  and  one  tube  Q  of  nickel. 
At  the  high  temperature  used,  even  the  thick  metallic  clamps  became 
red-hot.  To  prevent  this,  large  copper  discs  D  were  fitted  on.  They 
fitted  tight  on  the  copper  rings  C,  and  conducted  the  heat  outwards. 

With  a  current  of  160  amperes  a  temperature  of  about  2300^ 
absolute  was  reached,  and  this  could  be  maintained  fairly  constant  for 
some  hours.  The  tube  was  gradually  destroyed  by  oxidation  at  the 
open  end,  but  it  was  found  that  the  combustion  could  be  considerably 
retarded  by  allowing  a  current  of  nitrogen  to  pass  slowly  through  the 
cap  F  mounted  in  front  of  the  opening. 

In  order  to  determine  the  temperature  by  various  methods  in 
quick  succession,  the  carbon  body  was  mounted  on  a  carnage  rolling 
on  iron  rails.  Along  the  railway  the  various  measuring  instruments 
were  so  mounted  and  adjusted  that  by  a  simple  displacement  of  the 
carriage  the  black  body  could  be  brought  into  the  right  position  in 
front  of  each. 

For  the  determination  of  the  total  radiation  a  Lummer-Kurlbaura 
surface  bolometer  was  used.  Of  the  two  gratings  exposed  to  the 
radiation  the  slits  of  the  first  were  exactly  covered  by  the  strips  of 
the  second,  so  that  it  formed  a  bolometer  wall  which  stopped  all  the 
radiation.  Tlie  instrument  could  be  displaced  along  a  scale,  and 
measurements  were  made  at  distances  of  90  cm.,  60  cm.,  and  40  cm. 
from  the  measuring  diaphragm.  These  showed  that  the  law  of 
distance  was  fulfilled. 

For  the  determination  of  the  energy  curves  a  linear  Lummer- 
Kurlbaum  spectrum  bolometer  was  used,  which  was  built  into  a  c<ise 
of  metal  and  glass  nearly  air-tight.  To  get  rid  of  the  absorption  hnes 
of  steam  and  carbon  dioxide,  the  air  in  the  case  was  freed  from  these 
as  carefully  as  possible.  The  adjustment  and  reading  of  the  angles 
could  be  done  from  outside.     The  slit  projecting  from  the  case  was 
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losed  by  a  fluor-spar  plate  and  was  protected  by  water-bathed 
iaphragms.     The  refracting  pnsm  was  also  of  fluor-spar. 

The  measures  of  brightness  were  made  with  a  Lummer-Brodhun 
pectrum  photometer,  and  were  made  on  different  portions  of  the 
iminous  spectrum,  that  part  being  chosen  for  which  the  observation 
lates  used  were  least  selective.  Five  absorption  plates  were  necessary 
D  reduce  the  light,  and  together  they  reduced  it  to  the  eight- 
bousandth  part. 

The  different  measuring  instruments  were  calibrated  with  the  help 
f  an  electrically  heated  black  porcelain  body,  the  temperature  of 
'hich  was  measured  with  a  Le  Chatelier  thermo-element. 

The  carbon  body  was  used  in  various  states  of  incandescence,  and 
1  all  cases  the  differences  between  the  measurements  made  by  the 
arious  methods  remained  within  the  limits  of  errors  of  observation, 
'he  following  table  gives  the  results  for  the  highest  temperature  in 
lie  order  in  which  they  were  obtained : — 


i  Abso-  , 

1 

No. 

Method. 

lute    '  90  cm. 

eOcm.    0-62  u.     0-59 /*. 

0-55  /*. 

0-51  M- 

0-49 1^. 

Temp. 

1 

2300 

1 

Brightness  . 

2310 

1 
2294     2315 

2312 

2320 

2 

Total  radiation    . 

2325     2317 

2335 

3 

Brightness  . 

2320 

2307  1  2307 

2315 

2331 

2339 

4 

Total  radiation    . 

2330  '  2330 

2330 

5 

Maximum  energy 

2330 

' 

6 

Brightness  . 

2330  ' 

1  2325     2327 

1  2325 

2339 

2333 

7 

Total  radiation    . 

234o     2348 

2339  ; 

t 

8 

Maximum  energy 

2320 

• 

The  agreement  between  results  obtained  by  methods  so  different  is 
strong  confirmation  of  the  laws  made  use  of. 

293.  Other  Temperature  Measurements. — Experiments  have  also 
•een  made  by  several  observers  in  order  to  determine  the  laws  of 
adiation  in  the  case  of  bodies  which  do  not  fulfil  the  condition  of  being 
lack  radiators.  Paschen  studied  the  radiation  of  polished  platinum 
nd  of  lamp-black,  and  stated  as  the  result  of  his  experiments  that  it 
ould  be  represented  by  the  formula 


here  a  is  a  constant  depending  on  the  nature  of  the  substance.  He 
ave  the  values  a  =  0*42  and  a  =  5-53  for  polished  platinum  and  lamp- 
lack  respectively.  If  the  above  formula  is  true,  then  Paschen's  results 
nply  that  the  total  radiation  from  these  substances  is  proportional  to 
«-\  the  value  of  the  exponent  being  5  4 2  for  platinum  and  4*53  for 
imp-black. 
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Luromer  and  Kurlbaum  surrounded  the  heated  body  with  a  box  of  • 
polished  pktinum  having  a  small  aperture  opposite  which  the  bolo- 
meter was  placed.  This  constitutes  an  approximation  to  the  condition 
of  a  black  body.  They  found  that  the  total  radiation  varied  as  the 
following  powers  of  the  temperature — 5  for  polished  platinum,  4*5 
for  oxide  of  iron,  and  nearly  4  for  lamp-black  and  for  platinum-black. 
This  shows  that  the  two  latter  substances  in  a  reflecting  enclosure 
radiate  approximately  as  black  bodies. 

Lummer  and  Pringsheim  investigated  the  distribution  of  energy 
in  the  spectrum  of  heated  platinum,  and  using  the  platinum  box 
mentioned  above,  found  that  the  maximum  emissive  power  £,,1  varied 
as  the  sixth  power  of  the  temperature.  This  accords  with  the  results 
of  Lummer  and  Kurlbaum  for  the  total  radiation,  assuming  Paschen's 
equation.  Paschen  found  that  A|,^6  is  constant  for  polished  platinunif 
and  this  result  was  confirmed  by  Lummer  and  Pringsheim,  who  gave 
the  value  2630  for  this  constant,  kj^  being  measured  in  microns. 

Assuming  that  the  radiation  from  the  following  sources  is  inter- 
mediate between  that  of  platinum  and  that  of  a  black  body,  Lummer 
and  Pringsheim  gave  the  limits  of  their  temperatures  as  in  the  table. 


^m. 

^MOX. 

^i«. 

Elcctnc  ai-c 

0-7 

4200" 

abs. 

3750"  abs. 

Ncrnst  lamp 

1-2 

24r»0 

2200 

Auer  lamp 

1-2 

2450 

2200 

Incamlesctnt  lamj) 

1-4 

2100 

1875 

Candle    . 

1  -5 

1960 

1750 

Argaiid  lam]»     . 

1  -.Of) 

1900 

1700 

Violle,  by  a  calorinietric  method,  evaluated  the  temperature  of  the 
electric  arc  at  3900  abs.  ;  Wilson  and  Gray,  by  extrapolating  the 
curve  of  emission  of  copper  oxide,  found  the  value  3600'' ;  Abney  and 
Festing  gave,  for  the  electric  arc,  A„^  =  0'73/x,  which,  by  the  method 
given  above,  corresponds  to  the  limits  4000  and  3600" ;  Wanner,  by 
prolonging  the  isochromatic  lines  for  the  incandescent  lamp,  obtained 
the  values  3700  for  the  negative  and  3850  for  the  positive  carbon 
of  the  electric  arc.  As  carbon  appears  to  radiate  approximately  as  a 
black  body,  and  as  the  crater-like  form  of  the  positive  carlwn  is  a  step 
towards  the  form  of  a  radiating  enclosure,  it  seems  probable  that  most 
of  these  values  are  too  low,  and  that  the  temperature  of  the  electric 
arc  may  be  taken  to  be  somewhat  over  4000  absolute,  probably  as 
much  as  3800    C. 

We  have  seen  that  the  value  of  the  constant  A,„6  is  2940  for  black 
bodies  and  2630  for  platinum.  This  indicates  that  the  maximum  £« 
of  the  emissive  power  is  nearer  the  luminous  part  of  the  spectrum  in 
the  case  of  platinum  than  of  a  black  body,  so  that  the  radiation  of 
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heated  platinum  appears  to  be  less  deficient  in  short  than  in  long 
waves.  This  seems  to  be  the  case  with  other  substances,  for  Becquerel 
found  that  the  light-intensity  of  glowing  bodies  does  not  depend  much 
on  their  nature.  This  is  an  argument  in  favour  of  the  use  of  the 
photometric  method  for  the  measurement  of  tempera turfe,  when  the 
conditions  of  a  black  body  cannot  be  realised. 

294.  Photometric  Pyrometry. — A  simple  form  of  pyrometer  has 
been  invented  by  Holborn  and  Kurlbaum/  which  measures  tempera- 
ture by  comparing  the  intensity  of  the  red  rays  from  the  heated  body 
with  those  from  a  wire  or  carbon  filament  under  known  conditions. 
Fig.  188  gives  a  diagrammatic  representation  ^ 
of  the  arrangement.  The  light  from  the 
source  is  focussed  by  a  lens  L^  on  the  aperture 
of  the  diaphragm  D,  in  which  is  situated  a  loop 
of  platinum-iridium  wire  or  a  small  4 -volt  in- 
candescent lamp.  E  is  a  battery  and  K  a 
variable  resistance,  so  that  the  filament  or 
wire  can  be  raised  to  such  a  temperatiu*e  as  to 
make  it  completely  disapi>ear  in  the  bright 
field  of  view.     For  the  higher  temperatures 

the  loop  is  viewed  through  one  or  more  pieces  of  red  glass  G.  The 
temperature  of  the  loop  is  given  by  the  ammeter  A.  Holborn  and 
Kurlbaum  found  that  the  current  is  a  linear  function  of  the  tem- 
perature in  the  case  of  platinum-iridium  wire,  and  a  quadratic  function 
for  the  carbon  filament.  The  latter  can  be  used  safely  up  to  about 
2000^^  C.  The  instrument  was  standardised  by  means  of  an  electrically- 
heated  black  body.  Knowing  the  temperature  of  the  loop,  the  tem- 
perature of  the  radiant  source  is  deduced  by  the  radiation  laws. 

The  measurement  of  temperature  by  means  of  the  intrinsic 
brilliancy  of  the  glowing  body  has  been  studied  by  J.  E.  Petavel.*  He 
gave  the  formula 

where  0  is  temperature  centigrade  and  b  is  brilliancy.  The  following 
temperatures  were  estimated  by  this  formula : — 


Fig.  iss. 


Intrinsic  brilliancy  in 

Melting-point  in  degreea 

candle-power  per  sq.  cm. 

centigrade. 

Platinum 

19 

1763 

Platimmi.iridiuni  (25%  Ir.) 

34 

1883 

Iridium  . 

290 

2423 

The  percentage  of  the  total  radiation  passing  through  2  cm.  of 


*  SUz.  der  Preuss.  Akad.  der  Wiss,  zu  Berlin,  June  1901. 
2  Phil.  Tram.,  vol.  cxci.  A,  p.  501.     Brit.  Assoc  Rep.,  p.  584,  1902. 
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water  was  also  measured  by  Petavel,  and  found  to  be,  in  the  case  of 
platinum,  a  linear  function  of  the  temperature.     Using  the  formula 

^  =  872  +  81-63^, 

where  h  is  the  percentage  of  tot-al  radiation  passing  through  a  two- 
centimetre  water-trough  with  thin  quartz  sides,  he  found  the  following 
temperatures : — 

Percentage  of  total  radia- 
tion tmnnmitted  through         Melting-point  in  degiw 
2  cm.  of  water.  centigrade. 

Palladium  8*84  1593 

Platinuiii  ...  11-0  1770 

Platiuum-iridium  (26%  Ir.)      .  12*2  1868 

295.  The  Solar  Constant.^ — The  quantity  of  heat  received  in  one 
minute  from  the  sun  at  his  mean  distance  from  the  earth,  by  one 
square  centimetre  of  a  perfectly  absorbing  surface  presented  normally 
towards  the  sun,  and  supposed  to  be  situated  just  outside  our  atmo- 
sphere, is  known  as  the  solar  constant.  It  is  very  probable  that  this 
quantity  is  not  in  reality  constant,  for  it  cannot  be  assumed  that  the 
successive  portions  of  the  sun's  surface  which  are  presented  to  us  have 
all  the  same  radiating  power ;  and  further,  there  is  reason  to  believe 
that  the  heating  effect  of  the  sun  undergoes  a  periodical  variation 
corresponding  to  the  variation  in  the  area  of  sun-spots,  the  period 
being  roughly  about  35  years. 

The  method  usually  adopted  for  finding  the  value  of  the  solar 
constant  is  to  find  the  rate  at  which  heat  is  received  at  the  earth's 
surface  during  successive  periods  of  the  same  day.  The  thickness  of 
atmosphere  traversed  may  be  then  taken  to  be  proportional  to  the 
secant  of  the  sun's  zenith  distance.  Applying  then  Biot's  formula  for 
the  intensity  V  of  radiation  transmitted  through  a  thickness  /  of  a 
medium  whose  coefficient  of  absorption  is  l\  we  have 

where  I  is  the  intensitv  of  the  incident  beam.  As  we  do  not  know  k, 
and  as  t  refers  to  thicknesses  of  varying  density,  it  will  be  convenient 
to  write  this  equation 

SzrSV*--^  ...  .  .         (1) 

where  S  is  the  solai*  constant  and  S'  the  fraction  transmitted  bv  the 
atmosphere,  a  a  constant  called  the  transmission  coefficient,  not  yet 
determined,  and  r  the  sun's  zenith  distance,  t  being  proportional  to 

'  See  tlie  Report  by  M.  A.  Crova,  J^npports  prfsrutts  an  Congres  International  de 
rhysiquf,  vol.  iii.  }..  4o3  ;  1900. 


ART.  295      MEASUREMENT  OF  TEMPERATURE  BY  RADIATION  617 

sec  z.  If  now  we  give  to  a  such  a  value  as  will  make  S  constant  for 
all  the  observations,  then  we  may  take  this  as  the  true  value  of  a. 
The  formula  then  gives  S. 

There  are  many  objections  to  this  method.  In  the  first  place,  a 
large  nimiber  of  rays  of  very  short  wave-length  are  probably  completely 
absorbed  by  the  upper  layers  of  the  air,  and  no  allowance  for  these  is 
possible.  Again,  the  rays  have  to  pass  through  a  proportionately 
greater  thickness  of  the  lower  layers  when  the  incidence  is  very 
oblique,  owing  to  the  earth's  curvature ;  also,  the  varying  amount  of 
reflection  from  the  different  layers  is  unknown.  To  eliminate  as  far  as 
possible  the  errors  due  to  atmospheric  absorption,  it  is  advisable  (a)  to 
select  those  series  of  experiments  which  have  been  performed  on  the 
most  favourable  days,  and  (b)  to  carry  out  the  observations  at  as  high 
an  altitude  as  possible.  The  best  days  for  experiment  are  not  always 
those  which  appear  best  to  the  eye.  Generally  speaking,  the  days  on 
which  the  sky  is  bluest  and  scatters  the  greatest  amount  of  polarised 
light  are  the  most  favourable.  On  this  account  the  cyanometer  and 
polarimeter  are  of  great  use  in  forming  an  opinion.  M.  Crova  found 
that,  at  Montpellier,  only  four  or  five  days  in  the  year  were  fully 
satisfactory.  If  the  ground  is  at  all  moist,  the  best  time  for  observing 
is  before  noon.  Towards  noon  the  observed  radiation  falls  off,  owing 
to  the  air  becoming  charged  with  moisture  by  evaporation.  If  the 
soil  is  very  dry  the  observations  are  liable  to  be  affected  by  hot 
currents  arising  from  the  heated  ground.  It  is  obviously  difficult  to 
carry  out  an  experiment  at  a  high  altitude  and  at  the  same  time  to 
secure  a  favourable  day.  M.  Crova  performed  a  number  of  experi- 
ments on  Mont  Ventoux  and  some  on  Mont  Blanc. 

Besides  the  formula  above  given,  many  others  have  been  suggested ; 
some  of  these  are  based  on  a  calculation  of  the  mass  of  air  traversed, 
and  when  applied  to  the  observations  obtained  on  those  days  on  which 
the  observed  heating-effect  is  a  maximum,  give  very  consistent  values 
for  the  solar  constant  at  various  hours  of  the  day. 

The  instiniments  used  to  measure  the  rate  at  which  heat  is  received 
at  the  earth's  surface  are  called  actinometers  or  pyroheliometers. 
These  are  small  calorimetric  apparatus,  blackened  externally,  and  ex- 
posed alternately  in  the  sunshine  and  in  (shade.  If  the  air  is  not 
perfectly  calm,  it  is  necessary  to  enclose  them  in  a  sheltering  envelope. 
The  temperature  is  measured  by  a  thermo-electric  junction.  It  is 
advisable  to  allow  the  temperature  to  rise  only  a  little  above  that  of 
the  surrounding  air,  as  Newton's  law  can  then  be  used  for  the  cooling 
correction.  Since  only  small  differences  of  temperature  are  observed, 
these  can  be  estimated  to  nearly  0 '001  C.     The  heat-capacity  of  the 
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blackened  body  being  known,  the  heat  received  per  minute  is  deter- 
mined from  the  rate  of  rise  of  temperature. 

Besides  these,  recording  actinometers  are  also  used.  In  these  the 
blackened  thermo-electric  junction  is  continuously  exposed  to  the  son 
and  has  a  very  small  heat-capacity,  so  that  it  can  take  up  a  tempen* 
ture  of  equilibrium  very  rapidly.  A  continuous  record  of  the  change 
of  temperature  is  given  by  allowing  the  spot  of  light  from  the  galvano- 
meter mirror  to  fall  on  a  uniformly  moving  strip  of  photographic 
paper  or  similar  device.  These  instruments  must  be  standardised  br 
comparison  with  one  of  the  former  kind. 

The  results  of  observation  vary  a  good  deal.  Violle  obtaineti 
2*5  calories  on  Mont  Blanc;  Langley  3  calories  on  Mount  Wliitney; 
Sav^lief  2*81  and  3*4  calories  at  Kief.  The  latter  figure  was  got  under 
especially  favoui-able  circumstances,  the  ground  being  covered  thickly 
with  snow,  while  the  maximum  temperature  during  the  day  was 
-  18^  C;  the  air  was  consequently  very  clear  and  free  from  moistureL 
Angstrom,  introducing  into  his  calculation  a  term  to  correct  for 
absorption  of  carbon  dioxide,  obtained  4  calories  at  Ixelo ;  Houdaille 
2*9  calories  on  Mont  Ventoux ;  and  Hansky  3*0  and  3 "4  calories  on 
Mont  Blanc.  Several  of  these  observers  used  a  form  of  instrument 
designed  by  M.  Crova.  The  latter  physicist  obtained  values  as  high 
as  1*6  and  1*7  calories  at  Montpellier,  without  allowing  for  atmo- 
spheric absorption ;  the  solar  constant  must  be  gi'eater  than  this,  ami 
he  is  of  opinion  that  it  is  not  less  than  3  calories  per  square  centi- 
metre per  minute. 

A  solar  calorimeter  in  the  form  of  an  approximately  parabolic 
boAvl-shaped  reflector  was  used  in  Egypt  in  1882  by  Mr.  J.  Y. 
Buchanan.^  A  blackened  silver  tube  containing  water  was  fixed  in 
the  position  of  the  axis  of  the  concave  reflector,  and  within  this  was 
another  tube  projecting  about  16  inches  from  the  reflector;  this  was 
surrounded  bv  a  condenser,  and  the  rate  of  distillation  was  measured. 
The  result  obtained  on  a  hot  calm  day  was  only  0'89  calorie.  This 
number  is  interesting  as  representing  an  amount  of  heat  which  is 
practically  available  for  boiling  water,  but  it  is  obviously  too  low  for  a 
theoretical  result.  No  correction  was  made  for  the  heat  required  to 
raise  the  water  to  the  boiling-point,  as  the  water  was  supplied  from  the 
top  of  the  condenser  which  was  at  the  boiling-point.  An  appreciable 
fraction  of  the  radiation  must  have  been  lost  owing  to  imperfect 
reflection,  and  this  does  not  appear  to  have  been  allowed  for.  There 
was  also  a  considerable  amount  of  fine  dust  in  the  atmosphere,  although 
the  air  appeared  clear. 

*  Camb.  Phil.  Soc.  Proc.,  vol.  xi.  part  1,  p.  38  ;  1900.    Nature,  vol.  Ixiii.,  p.  548 ;  1901. 
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296.  Effective  Temperature  of  the  Sun.^ — The  temperature  which 
must  be  assigned  to  the  sun  in  order  that  his  total  radiation  should 
have  its  actual  value,  on  the  assumption  that  he  radiates  as  a  black 
body,  is  called  the  effective  temperature  of  the  sun.  If  we  know  the 
value  of  the  solar  constant  S,  we  can  calculate  his  temperature.  Let 
R  be  the  radiation  per  square  centimetre  at  the  sim's  surface,  s  his 
i*adius  and  r  the  distance  of  the  earth,  then  the  total  radiation  over 
the  sun's  surface  is  47rs^R,  and  this  roust  be  equal  to  the  radiation 
47rf^S  over  a  sphere  of  radius  r  with  the  sun  as  centre ;  therefore 

Prof.  Poynting  considers,  for  a  reason  that  will  be  explained  presently, 
that  the  best  of  the  various  values  given  for  S  is  2*5  calories,  as  de- 
duced by  Wilson  and  Gray"  from  Kosetti's  calculations.     This  gives 

R  =  46,000  X  0-175  x  10'=  0*805  x  10". 

On  putting,  in  accordance  with  Stefan's  law, 

R=(re^ 
and  adopting  Kurlbaum's  value  for  o-,  namel}',  5*32  x  10~^  we  get 

9  =  6200'*  al>solute 

as  a  probable  value  for  the  sun's  temperature. 

Wilson  compared  the  radiation  from  the  sim  with  that  from  a 
black  body,  and  assuming  the  same  percentage  absorption  in  the 
atmosphere,  deduced  as  the  result  of  his  experiments, 

9  =  5773'' al)s. 

This  value,  however,  is  generally  considered  too  low.  It  is  possi])le 
that  the  atmospheric  absorption  was  greater  in  bis  experiments  than 
in  Kosetti's,  and  it  is  certainly  not  safe  to  assume  that  the  zenith 
transmission  will  be  the  same  in  two  series  of  experiments.  Most 
observers  assign  to  the  sun  a  temperature  somewhere  between  6000 
and  7000". 

Prof.  Poynting  calculates  the  temperature  of  a  planet  in  tempera- 
ture eqiiilibrium  at  the  distance  of  the  earth  from  the  sun,  and, 
comparing  the  result  with  the  actual  mean  temperature  of  the  earth, 
uses  it  to  discriminate  between  the  various  numbers  given  for  the  solar 
constant.  As,  according  to  Langley,  the  moon  reflects  about  J  of  the 
radiation  received,  it  is  not  likely  that  the  earth  reflects  more  than  jV» 
as  the  atmosphere  increases  the  absorbing  power.     If  the  earth  reflects 

*  See  a  paper  by  J.  H.  Poynting,  Pfiif.  Trans.,  vol.  ccii.  A,  p.  525  ;  1903.  Prof. 
Poynting  prefers  to  use  the  term  "full  radiator"  instead  of  "black  body, " oi^-ing  to 
the  incongruity  in  applying  the  latter  expression  to  luminous  bodies.        / 
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less  than  this,  it  will  not  make  much  difference  in  the  result  of  the 
calculation,  as  the  value  arrived  at  for  the  temperature  depends  on  the 
fourth  root  of  the  absorptive  power,  and  x/0*9  =  0*974,  which  is  not 
much  less  than  unity. 

The  following  assumptions  are  made  to  simplify  the  calculatioa 
The  planet  is  supposed  to  be  rotating  about  an  axis  peipendicular  to 
the  plane  of  its*  orbit.  This  will  make  the  temperature  of  the  poles 
too  low  and  that  of  the  equator  too  high,  and  thus  give  a  mean 
temperature  which  is  a  little  too  low,  but  the  difference  may  be 
neglected  for  our  purpose.  It  is  also  assumed  that  the  effect  of  the 
atmosphere  is  to  keep  the  temperature  constant  day  and  night  in  any 
given  latitude,  which  is  approximately  true  for  the  earth.  It  is 
further  assumed  that  no  conduction  of  heat  takes  place  from  one 
latitude  to  another,  and  that  the  surface  and  the  atmosphere  over  it 
at  any  point  have  one  effective  temperature  as  a  full  radiator.     Making 

these  suppositions,  let  us  consider  a  band  of 
the  surface  between  latitudes  A  and  X  +  dX. 
The  area  receiving  heat  from  the  sun  at  any 
instant,  if  projected  normally  to  the  stream 
of  solar  radiation,  is  (Fig.  189) 

2r  cos  \  .  rd\  cos  X  =  2r*  cos'  X^^X, 

where  r  is  the  radius  of  the  planet.  The 
amount  of  energy  absorbed  per  second  by  this 
band  is,  if  8  is  the  solar  constant,  and  a  the 
al>sorptive  power, 

aS  .  2/--  cos-  \d\. 

But  the  band  all  round  the  globe  is  radiating  equally,  so  that  the 
radiating  area  is 

'27rr  cos  \  .  rd\  —  'lirr-  cos  \f/\  ; 

and  as,  on  the  assumption  of  temperature  equilibrium,  all  the  heat 
leceived  l)y  this  area  is  radiated  by  it  again,  we  have,  as  the  radiation 
per  s((uare  centimetre, 

<^S  .  *ir-  cos-  \d\  _  <aS  cos  X 
27r/  -  cos  \d\  It 

If  the  eiiective  temperature  for  this  latitude  is  O^)  then,  applying 
Stefan's  law, 

.      r/S  cos  X 

e   - 

and  the  average  temperature  over  the  globe,  being  the  same  as  for  one 
hemisphere,  is 


Y\)L.  i^y. 


.TT 


<^-.y:«' 


l-Kr  COS  \d\ 
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2     r(f)  Atot/  • 

Evaluating  this  expression,  we  get 

6  =  290"  absolute. 

This  is  about  the  mean  temperature  of  the  earth's  surface,  and 
hence  Prof.  Poynting  adopts  the  value  of  S  which  leads  to  this  result, 
in  preference  to  other  values  which  give  higher  temperatures.  It 
should  be  remembered,  however,  that  we  have  assumed  Stefan's  law 
for  the  earth's  radiation. 

It  is  possible  that  the  earth  is  at  a  lower  temperature  tlian  if  it 
radiated  as  a  black  body ;  for  the  energy  it  receives  from  the  sun 
consists  on  the  whole  of  waves  of  shorter  length  than  those  it  emits. 
The  atmosphere  absorbs  a  considerable  proportion  of  the  shorter  waves, 
radiating  these  back  into  space  to  a  great  extent;  while  the  longer 
waves  emitted  by  the  earth  are  freely  transmitted  outwards.  Thus 
the  solid  earth  is  in  temperature  equilibrium  with  a  portion  only  of 
the  sun's  radiation.  The  question  as  to  whether  clouds  are  more 
frequent  at  night  than  in  the  day  would  also  have  an  important 
bearing. 

We  have  assumed  above,  that  the  earth  is  radiating  energy  at  the  Tempera 
same  rate  as  it  receives  it.     The  earth  is  in  reality  cooling  slowly,  1,"^^^ 
but  the  assumption  may  be  regarded  as  approximately  true.     If  we 
suppose  the  planets  to  be  in  a  state  of  similar  temperature  equilibrium, 
then  we  may  calculate  their  mean  temperatures  by  the  simple  formula 


where  Bp  is  the  temperature  of  the  planet,  and  r^  its  distance  from  the 
sun,  6*  and  r,  being  corresponding  quantities  for  the  earth.  Foi*  the 
temperature  is  proportional  to  the  fourth  root  of  the  radiation,  and 
the  radiation  is  inversely  proportional  to  the  square  of  the  distance 
from  the  sun.  Prof.  Poynting  gives  69''  C.  as  the  mean  temperature  of 
Venus  determined  in  this  way,  and  the  temperature  of  Mars  as  being 
near  the  freezing-point  of  mercury.  The  corresponding  figure  for 
Neptune  is  about  -  200°  C.  Langley  calculated  that  the  surface  of 
the  full  moon  is  only  a  few  degrees  above  tlie  freezing-point  of  water ; 
Poynting,  however,  gives  a  higher  estimate. 
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Example 

1.  Find  the  temperature  of  equilibrium  of  a  perfectly  black  disc  exposed  nomuUj 
to  the  sun's  rays  at  the  distance  of  the  earth  ;  supposing  that  it  has  a  non-condactiiig 
backing,  so  that  it  can  radiate  only  to  a  hemisphere  of  space. 

{Let  ypt  and  ^«  be  the  densities  of  the  sun's  radiant  energy  at  his  surface  and  st 
the  distance  of  the  earth,  r  the  radius  of  the  sun,  R  the  distance  of  the  earth,  aod 
6,  the  effective  tenii)erature  of  the  sun,  then 

For  equilibrium,  the  disc  must  be  emitting  energy  at  the  same  rate  as  it  receives  it, 
therefore  the  density  ot  the  emitted  energy  in  the  immediate  neighbourhood  of  the 
disc  is  ^^  (neglecting  the  falling-off  at  the  edges  of  the  disc).  This  shows  that  th< 
temi)erature  of  the  disc  does  not  depend  on  whether  the  incident  radiation  is  dindd 
or  diffiLsed.  We  may  therefore  apply  Stefan's  law,  and  put,  if  8«  is  the  reqnirei 
temperature, 


If  we  assume  B,  =  6200^  r  =  430,000  miles,  R  =  93, 000, 000  miles,  this  gives 

e,  =  422^abs.  =  149''C. 

If  we  supposed  the  disc  to  radiate  on  botli  sides,  we  should  have  to  put  j|^^#fori^« 
so  that  the  result  would  be  divided  by  V2,  or  6^  =  81''C.}] 


CHAPTER  VII 


CONDUCTION 


SECTION   I 


ON   THE   CONDUCTIVITY   OF   SOLIDS 


297.  Preliminary  Ck>nsiderations. — One  of  the  three  processes  by 
which  heat  is  transferred  from  one  body  to  another,  or  from  one  part 
of  a  body  to  another,  is  termed  conduction ;  the  other  two  have  been 
considered  already,  and  are  known  as  convection  and  radiation.  In 
the  case  of  radiation  the  propagation  takes  place  with  the  velocity 
of  light,  and,  except  in  the  case  of  absorbing  media,  when  radiant 
energy  is  transmitted  through  any  body,  it  leaves  the  intermediate 
parts  apparently  unaffected. 

The  proi)agation  of  heat  by  conduction,  on  the  other  hand, 
is  comparatively  a  very  slow  process,  and  the  heat,  in  travelling 
through  a  body  by  this  method,  increases  the  temperature  of  the 
intermediate  parts,  and  remains  partly  lodged  in  them,  at  least  until 
a  stationary  condition  is  attained.  When  one  end  of  a  metal  rod 
is  placed  in  a  lamp-flame,  a  gradual  rise  of  temperature  is  noticed 
along  the  bar,  the  parts  nearest  the  flame  being  warmer  than  those 
more  remote.  For  some  time  the  temperature  at  each  point  of  the 
Imr  gradually  increases,  but  ultimately  a  stationary  condition  is 
reached,  and  the  temperature  at  each  point  remains  permanently  the 
same.  In  this  stationary  state,  however,  there  is  still  a  flow  of  heat 
along  the  rod,  and  the  tempei-ature  has  become  steady,  merely  because 
the  heat  is  radiated  from  the  siuiace  of  the  rod  as  fast  as  it  is  supplied 
at  the  end. 

The  process  of  conduction  is  usually  regarded  as  essentially  different 
from  that  of  radiation,  and  it  is  sometimes  described  as  the  passage  of 
heat  from  one  body  to  another,  or  from  one  part  of  a  body  to  another, 
"  by  contact,"  so  that  the  heat  passes  from  one  layer  to  another  while 
the  matter  remains  at  rest.  This  mode  of  pjissage  might  l)e  intelligible 
if  heat  were  regarded  as  a  fluid,  but  from  any  other  point  of  view  it 
is  without  meaning.  In  the  process  of  radiation  heat  is  propagated 
as  a  free-wave  motion  in  the  ether,  but  in  the  process  of  conduction 

625  2  S 


626  THEORY  OF  HEAT  chap,  to 

the  action  of  the  matter  through  which  the  heat  travels  becomes  of 
prime  im}x>rtance.  Each  molecule  as  it  becomes  heated  may  affect 
those  around  it,  either  by  direct  radiation  or  by  forcing  into  vihn- 
tion  those  with  which  it  may  come  into  contact.  On  consideratko, 
therefore,  it  will  appear  that  no  entirely  new  process  is  essentiallj 
involved  in  the  conduction  of  heat,  but  that  all  equalisation  of  tem- 
perature may  be  effected  either  by  convection  or  by  a  process  of 
intermolecular  radiation  and  absorption. 

Let  us  return  to  the  molecular  theory,  and  assimilate  the  molecules 
of  a  body  to  tuning-forks,  or  other  vibrating  systems,  each  having  one 
or  more  definite  periods  of  vibration,  and,  bearing  in  mind  what  hts 
been  already  stated  in  Art.  257,  let  us  consider  the  propagation  of 
heat  along  a  b^ir  heated  at  one  end.  For  greater  clearness  let  ns 
suppose  that  the  end  of  the  bar  is  heated  by  b^ing  placed  very  dose 
to  a  hot  radiating  surface,  such  as  a  white-hot  metal  ball,  and  let  the 
molecules  of  the  bar  be  supposed  free  to  vibrate  independently— 
that  is,  spaced  in  the  ether  so  that  they  may  vibrate  freely.  The 
ball  is  then  to  be  regarded  merely  as  a  source  of  waves  in  the  ether, 
which,  when  emitterl,  fall  upon  the  end  of  the  bar.  These  waves  are 
at  first  chiefly  used  up  in  setting  in  vibration  a  thin  layer  of  molecules 
at  the  end  of  the  bar.  This  layer  (which  we  may  say  is  a  few  millions 
of  molecules  deep)  absorbs  the  waves  at  first  almost  completely,  and 
protects  those  behind  from  disturbance.  Very  soon,  however,  the 
front  molecules  are  set  in  active  vibration,  and  become  sources  of 
disturbance  themselves,  radiating  waves  in  the  ether,  so  that  new 
molecules  in  the  rear  begin  to  be  set  in  motion,  and  the  disturbance 
is  thus  gradually  propagated  along  the  bar  by  a  process  of  absorption 
and  subsecjuent  radiation  (by  the  molecules)  of  the  waves  from  the 
source  of  heat. 

So  far  we  have  no  contact  considerations  whatever,  the  whole 
process  is  simply  the  propagation  of  wave  motion  through  an  absorb- 
ing system.  <)i  course  the  molecules  may  be  in  contact,  at  least 
some  of  them  may,  and  jangling  may  tiike  place,  so  that  when  one 
molecule  is  disturbed  it  forces  the  vibrations  of  others  close  to  it 
The  supposition  of  actual  contact  is,  however,  not  absolutely  necessary 
to  the  intelligible  explanation  of  the  phenomenon,  as  will  perhaps  be 
more  clear  from  the  following'  illustration. 

Let  us  suppose  that  a  vast  luimber  of  boats  are  moored  in  a 
larire  harbour,  and  let  each  boat  lioating  on  the  water  correspond  to 
a  molecule  of  matter  in  the  ether.  Now  let  a  storm  arise  at  some 
distance  out  at  sea,  and  let  the  waves  travelling  to  shore  approach 
the  harbour,  and  be  of  such  a  period  that  the  lx)ats  absorb  them  and 
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are  thus  set  vibrating.  The  first  waves  which  arnve  will  be  almost 
entirely  absorbed  by  the  front  row  of  boats,  so  that  those  nearer  land 
are  quite  protected  from  disturbance.  After  a  little,  however,  the 
front  ranks  are  in  violent  oscillation,  and  cease  to  absorb  any  sensible 
fraction  of  the  waves  which  fall  upon  them;  or,  regarded  from  the 
other  point  of  view,  they  radiate  as  much  as  they  absorb.  The 
waves  are  now  able  to  penetrate  farther,  and  gradually  reach  the 
boats  in  the  rear,  so  that  the  disturbance  is  thus  gradually  conducted 
through  the  whole  system. 

The  propagation  of  a  disturbance  in  this  manner  would  be  expected 
to  be  a  fairly  slow  process,  such  as  we  actually  observe  in  nature, 
the  rate  of  propagation  being  determined  by  the  rate  at  which  the 
waves  are  absorbed  by  the  molecules  and  by  the  molecular  capacities 
— that  is,  by  the  whole  period  of  absorption  of  any  molecule,  or 
the  interval  of  time  between  the  commencement  of  absorption  by  a 
molecule,  and  the  stage  at  which  it  radiates  as  much  as  it  absorbs. 
This  interval  will,  of  course,  depend  on  the  natiu^  of  the  molecules, 
and  the  conductivity  may  be  expected  to  vary  considerably  in  different 
substances.^  The  simplest  experiments  show  us  that  different  bodies 
vary  enormously  in  conducting  powers.  For  example,  a  silver  spoon 
placed  in  a  cup  of  hot  tea  soon  becomes  heated  throughout  its  length, 
while  a  glass  rod  placed  in  the  same  cup  will  scarcely  ever  show  any 
perceptible  increase  of  temperature  at  its  farther  end ;  but  although 
we  have  substances  like  glass  which  are  bad  conductors  of  heat,  yet 
we  have  no  non-conductors  of  heat  as  we  have  non-conductors  of 
electricity.  This  is  a  serious  disadvantage,  and  is  much  felt  in  almost 
every  department  of  practical  life. 

Comparison  of  Conductivities 

298.  Ingen-Hausz's  Experiment. — One  of  the  earliest  methods  of 
comparing  the  conductivities  of  different  bodies  for  heat  was  suggested 
by  Franklin,  and  the  comparison  was  carried  out  by  Ingen-Hausz.^ 
Bars  of  the  various  substances  were  prepared  and  coated  vrith  bees*- 
wax.  Their  ends  were  then  immersed  in  a  bath  A  of  hot  oil 
(Kg.  190),  and  after  standing  some   time  it  was  observed   that  the 

^  Pictet  supposed  that  heat  asceuds  in  a  solid  more  rapidly  than  it  descends,  but 
the  observations  which  led  him  to  this  opinion  were  probably,  influenced  in  a  con- 
siderable degree  by  upward  air  currents.  For  even  in  the  so-called  vacuum  of  an 
air-pump  sufficient  air  remains  to  explain  his  experiments.  Ascending  currents  are 
produced  in  the  neighbourhood  of  the  hot  body,  and  for  this  reason  cold  air  con- 
tinually approaches  its  lower  parts,  so  that  the  heat  is  carried  upwanls. 

2  Ingen-Hausz  (Jean):  **Sur  les  metaux  comnie  conducteui*s  de  la  chaleur,*' 
Jour/i,  de  Phys.,  torn,  xxxiv.  ])p.  68,  380  ;  1789. 
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wax  was  melted  off  tlie  different  bars  to  difTerent  lengths.  On  aoat 
of  the  bars  the  wax  is  melted  off  more  rapidly,  and  on  some  U 
greater  distances,  than  on  others,  but  it  does  not  hold  that  ttuw 
from  which  the  wax  is  melted  noA 
rapidly  at  first  are  those  from  wtuck 
it  will  be  furthest  melted  on  prolongid 
immersion.  If  all  the  bars  bad  tit 
same  conducting  power — that  is,  allowed 
the  same  flow  of  heat  per  unit  time- 
then  when  the  wax  is  melting  the 
temperature  at  any  point  of  the  Uc 
will   be   less   the   greater   the  specific 

Jtii.l»0.-liigeii-H«..««Eiperin,ent.  °  »~_~ 

heat,  so  that  on  those  of  the  lowed 
specific  heat  the  wax  will  melt  most  rapidly ;  but  on  prolonged  inmur 
sion  the  temperature  of  the  bar  reaches  a  permanent  state,  and  all  tbe 
heat  which  enters  it  by  conduction  leaves  it  by  radiation. 

It  has  been  demonstrated  by  Professor  T}-ndall  that  the  tempera- 
ture wa\'e  travels  faster  in  bismuth  than  in  iron,  though  tbe  conductintf 
of  bismuth  is  much  less  than  that  of  iron.  The  specific  heat  beconue 
of  no  accoimt  when  the  stationary  state  is  attained,  and  the  length  of 
wax  melted  will  Ije  greater  as  the  conductivity  is  greater.  The 
length  melted  off  when  the  permanent  state  is  arrived  at  will  not, 
however,  l>e  in  the  simple  ratio  of  the  coiidnctivities,  but  if  the  hats 
huve  the  same  cross-section  and  the  same  coefficients  of  emission,  ve 
shall  show  further  on  th;it  the  condiictivities  I-  and  k'  of  any  two  on 
which  the  lengths  ultimately  melted  off  are  I  and  /'  are  related  by  the 


To  secure  the  sume  coefficient  of  emission  the  bars  n>ay  be  electro- 
plated and  ])oliMhod.  The  rate  of  melting  of  the  wax  on  any  bar 
nieasiirea  the  ntte  at  which  a  wave  of  temperature  travels  along  it, 
but  this  is  not  the  conductivity.  The  relative  conductivities  art 
determined  idoiii.'  from  the  lengths  melted  off  when  tbe  permavtnt 
sl'i'ji'  in  arrived  at. 

Aniither  form  of  the  experiment  consists  in  attaching  small  pellets 
to  the  lower  sides  of  the  Iwrs  by  means  of  wax.  The  temperature  at 
which  the  wa.x  is  sufficiently  stiftencd  to  allow  the  pellets  to  fall  off 
travels  along  the  burs  at  diflei-ciit  rates,  but  if  the  balls  be  equally 
spaced  the  conductivities  will  be  as  the  squares  of  the  numbers  of  balls 
melted  off  when  the  ))ci-manent  state  is  attained. 
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Rectilinear  Flow  of  Heat — Conduction  through  an 

Infinite  Wall 

299.  Precise  Definition  of  Conductivity. — The  first  to  give  a 
thoroughly  scientific  definition  of  conducting  power  was  Fourier,  who, 
in  his  Th^orie  Analytique  de  la  chaleur  (1822),  treated  the  subject  of  the 
propagation  of  heat  with  a  power  and  completeness  which  left  little 
room  for  extension  or  improvement,  and  suggested  or  rendered  possible 
almost  all  later  developments.^ 

In  order  to  obtain  an  exact  notion  of  conduction,  let  us  consider 
the  case  of  a  plane  lamina  or  wall,  with  parallel  faces,  one  of  which  is 
kept  at  a  fixed  temperature  dp  while  the  other  is  maintained  at  0^, 
Here  there  will  be  established  a  permanent  state  and  a  uniform  fiow 
of  heat  from  the  hotter  to  the  colder  face,  and  the  temperature  may 
be  taken  to  fall  uniformly  from  Oi  at  one  face  to  0^  at  the  other,  if 
the  wall  be  throughout  of  the  same  material,  and  if  the  conducting 
power  does  not  depend  on  the  temperature.  Hence,  if  we  consider 
any  plane  drawn  in  the  wall  parallel  to  the  faces,  it  is  clear  that  the 
same  quantity  of  heat  will  pass  across  every  such  plane  per  second 
when  the  permanent  state  is  established. 

In  estimating  this  quantity  of  heat  the  first  principle  that  we 
make  use  of  is,  that  the  quantity  of  heat  which  fiows  through  such  a 
wall  is  directly  proportional  to  the  difference  of  temperature  (0^  -  0^ 
of  its  faces.  This  we  may  regard  as  established  by  experiment. 
From  this  it  will  follow  that  for  walls  of  the  same  substance  and  of 
different  thicknesses,  whose  faces  have  the  same  temperature  difference 

(^1  ~  ^2)'  ^^®  ^^^  ^^^^  ^®  ^^  ^^®  inverse  ratio  of  the  thickness.  For 
since  the  difference  of  temperature  between  the  faces  is  the  same  for 
all  the  walls,  then  the  fall  per  unit  thickness  is  inversely  as  the  thick- 
ness, and  consequently  the  fiow  through  a  plate  of  unit  thickness 
of  any  wall,  which  is  the  same  as  the  flow  through  the  wall,  will 
be  inversely  as  the  thickness  of  the  wall.  Further,  the  quantity  of 
heat  which  flows  through  an  area  A  of  such  a  wall  in  a  time  /  will 
be  proportional  to  A  and  also  to  /.  We  consequently  have  for  the 
quantity  which  flows  through  a  plate  of  area  A  and  thickness  e  in 
a  time  t — 


^  With  respect  to  Fourier's  work,  Professor  Tait  says  :  "  Its  exquisitely  original 
methods  have  been  the  source  of  inspiration  of  some  of  the  greatest  mathematicians  ; 
and  the  mere  application  of  one  of  its  simjjlest  portions  to  the  conduction  of 
electricity  has  made  the  name  of  Ohm  famous." 
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The  coefficient  K  is  a  quantity  depending  on  the  nature  of  the  sub- 
stance, and  is  called  the  cmiductitity  of  the  substance.  Taking  the 
case  of  a  wall  of  unit  thickness,  with  unit  difference  of  temperature 
between  its  faces,  we  find  that  the  conductivity  K  is  numeHcaUy  eqwH 
to  the  quantity  of  heat  which  flows  per  unit  time  through  unit  area  of  ajkk 
of  unit  thickness^  haviufj  unit  difference  of  temperature  between  its  faces. 

If  we  suppose  the  lamina  to  have  an  infinitely  small  thickness  h 
and  an  infinitely  small  temperature  difierence  dO  between  its  faces, 
the  quantity  of  heat  which  flows  through  it  in  a  small  time  dt  will  be 

(^— KA   — . =-KAt-'u. 

The  quantity  dOdx  is  the  gradient  of  ten^perature  at  any  point — that  is, 
the  change  of  temperature  per  unit  thickness — and  the  above  expres- 
sion for  Q,  which  is  of  fundamental  importance   in  the   theory  of 
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conduction,  expresses  that  the  flow  through  unit  area  per  unit  time 
is  equal  to  the  conductivity  K  multiplied  by  the  temperature  gradient. 
We  have  so  far  considered  the  substance  homogeneous — that  is, 
that  each  layer  of  the  wall  possesses  the  same  conducting  power,  so 
that  the  temperature  falls  uniformly  from  one  face  to  the  other,  and 
the  temperature  gradient  is  uniform.  The  curve  representing  the 
relation  between  the  temperature  &  at  any  point  and  the  distance  x  of 
the  point  from  one  face  will  therefore  be  a  right  line  (Fig.  191) — 

e  =  (t  -r-  b.r. 

The  constants  (/  and  h  are  easily  determined,  for  when  a*  =  0  we  have 
6  ^  0,,  therefore  a  =  6,\  and  when  ,r  =  e  we  have  d  -  Oo,  therefore 
Oo  -^  ^1  -  he  or  />  --  (^.,  -  6^  r.  The  temperature  at  any  i>oint  of  the 
wall  is  consequently 


e^e,-- 


^1  —  ^'1 


.>'. 


If,  however,  the  various  layers  of  the  wall  have  dift'erent  conductivities 
the  temperature  gradient  will  not  be  uniform,  and  the  relation  between 
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6  and  x  will  not  be  linear.  When  the  conductivity  is  good  the  slope 
of  temperature  will  be  small,  but  the  reverse  will  hold  when  the  con- 
ductivity is  bad.  Fig.  192  would  represent  the  temperature  curve  for 
a  wall  in  which  the  conductivity  gradually  improved  from  the  face  6^ 
to  the  face  6^,  Something  like  this  may  actually  hold  in  nature,  for 
the  quantity  K,  instead  of  being  a  constant  for  a  given  kind  of  matter, 
will  in  general  depend  upon  its  physical  state  as  regards  temperature 
and  pressure.  We  know  that  electrical  conductivity  diminishes  as  the 
temperature  rises,  but  the  evidence  as  to  thermal  conductivity  is  not 
yet  sufficiently  accurate  or  extended.  In  general,  those  substances 
which  are  the  best  conductors  of  electricity  are  also  the  best  conductors 
of  heat,  and  anything  which  affects  one  may  also  influence  the  other. 
In  the  case  of  the  wall  considered  above,  the  temperatures  of  the  layers 
near  the  face  0^  are  higher  than  those  near  the  face  0^ ;  consequently, 
if  the  conductivity  at  high  is  less  than  at  low  temperatures,  the  slope 
of  temperature  will  be  steeper  near  the  face  0^  than  near  the  face  $2- 

In  all  such  cases,  however,  when  the  steady  state  is  established, 
the  quantity  of  heat  which  passes  each  layer  is  the  same,  and  we 
have  therefore 

K  ,-  =  constant. 

Hence  if  K  be  given  as  a  function  of  x  and  0,  the  above  differential 
equation  determines  the  form  of  the  temperature  curve  and  the  gradient 
at  each  point  of  the  wall. 

Ex.  1.   If  K  varies  as  (?,tlien — 

and  the  temperature  curve  is  consequently  a  parabola. 
Ex.  2.   If  K  varies  inversely  as  Jj  we  have 

and  the  temperature  curve  ia  a^ain  a  paraMa. 
Ex.  3.  If  K  is  proportional  to  .r,  we  have 


$  =  a  I  —  -a  log  j-^b, 
J   a- 


or 

e 

and  the  temperature  curve  isconse<iuently  logarithmic. 

.-5^  800.  Steady  Flow  of  Heat  through  a  Long  Bar. — Let  us  now  con- 
sider the  case  of  a  long  bar  heated  stea<lily  at  one  end.  For  some 
time  after  the  first  application  of  heat  at  the  end  the  temperature  at 
each  point  of  the  bar  will  gradually  rise,  but  ultimately  each  point 
will  acquire  a  stationary  temperature  and  a  steady  flow  will  take  place 
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along  the  bar.  Theoretically  it  would  require  an  infinite  time  to  reach 
this  steady  state,  but  it  is  practically  attained  in  a  comparatively  short 
time,  depending  on  the  nature  of  the  bar.  Supposing  this  stage  to 
have  been  attained,  let  0  be  the  temperature  of  the  surface  at  a  dis- 
tance X  from  the  hot  end,  measured  along  the  axis  of  the  bar.  Then 
if  we  suppose  the  temperature  gradient  to  be  uniform  over  the  cross- 
section  A  of  the  bar  at  this  point,  or  if  its  mean  value  over  the  section 
be  dOjdx,  the  flow  of  heat  per  unit  time  across  this  section  will  be 

dx 

But  the  temperature  at  an  adjacent  point,  ic  +  &c,  will  be  ^  +  -^&, 

since  dO/dx  is  the  rate  at  which  the  temperature  rises  along  the  bar, 
and  this  multiplied  by  &x  will  be  the  i-ise  of  temperature  in  passing 
from  the  point  a;  to  x  +  &r,  if  &r  be  taken  so  small  that  the  temperature 
gradient  is  sensibly  constant  between  the  two  points.  Hence  the  flow 
of  heat  across  the  section  at  the  point  X  +  Sx  will  be 


-K^C^-S^ 


and  consequently  the  excess  of  what  flows  in  at  one  face  of  the  element 
over  what  flows  out  at  the  other  will  be 

K  A  ,— ,0./-. 

Now,  in  the  steady  state  this  excess  must  be  entirely  radiated 
from  the  surface  of  the  element,  and  denoting  the  perimeter  of  the  bar 
by  p,  the  area  of  this  surface  is  pS^r,  so  that  if  0  be  measured  from  the 
temperature  of  the  surroimding  medium — that  is,  if  6  is  the  excess  of 
the  temperature  of  the  surface  of  the  element  over  that  of  the  sur- 
rounding medium,  the  heat  radiated  by  the  element  will  l>e  EpOSx. 
assuming  Newton's  law,  where  E  is  the  siu-face  emissivity  of  the  bar. 
Hence  in  the  steady  state  we  have  ^ 

J^A^^^  =  E7>^, 


or 


^  This  equation  may  also  be  written  in  the  form 

where  -  dS/df  is  what  Forbes  termed  the  statical  rate  of  cooling— that  is,  the  rate  at 
which  the  element  would  cool  if  isolated  from  the  rest  of  the  bar,  and  it  =  K/f,  where 
c  is  the  thermal  capacity  of  the  substance  j>er  unit  volume.     For  if  we  consider  the 
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where  for  brevity  we  have  written 

It  may  be  easily  verified  by  substitution  that  the  solution  of  this, 
equation  is 

where  M  and  N  are  constants  to  be  determined  by  the  conditions  of 
the  problem. 

Cor.  Ingen-Hausz^s  Experiment, — In  this  case  the  wax  is  melted  off 
a  bar  to  a  distance  /,  and  the  temperature  here  is  the  melting-point 
of  the  wax.  We  also  suppose  that  the  bars  are  very  long,  so  that 
their  extremities  are  at  the  temperature  of  the  surrounding  medium ; 
in  this  case  we  have  the  excess  0  =  0,  when  a;  =  »,  therefore 

consequently 

M=0. 

But  when  x  =  0  the  excess  of  temperature  is  that  of  the  source  0^ 
therefore 

and  therefore  we  have  in  general  for  the  excess  of  temperature  0,  at 
any  distance  x^ 

0  =  0^-1^, 

Now  if  on  any  bar  a  length  /^  of  the  wax  is  melted  off,  we  have 

0^  =  0^-'f^h^. 

where  0^  is  the  melting-point  of  the  wax,  measured  from  the  tempera- 
ture of  the  surrounding  medium,  and  hence 

0. 


^.  =  log(?;)- 


Now  for  all  the  bars  0j  and  6^  are  the  same,  therefore  if  the  wax  is 
melted  off  to  distances  /^  i^  l^  etc.,  we  have 

Mi^i=A*2^2=/V3=  •  •  •  constant. 

element  isolated  and  to  lose  heat  by  its  surface  pBj-  only,  then  the  rate  of  loss  is,  by 
Newton's  law,  Ep08x,  but  this  must  be  counterbalance  by  a  fall  of  temperature,  so 
that  if  the  rate  of  fall  of  temperature  of  the  element  be  -  d0l(U  we  have 

Ep0dx=-cASu'^^^ 

so  that 

Ep  d0 

therefore,  etc— See  further,  Phil.  May.,  March  1879,  pp.  198,  251,  Dr.  0.  J.  Lodge. 
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For  any  two  bars  we  have  consequently 

or 

Hence  if  the  bars  have  the  same  cross-section^  perimeter,  and  coeffi- 
cient of  emission,  we  shall  have 

or 


l\  la  Cj 


». 

9^ 

<?3 

• 

1 

^* 

g2^a 

1 

r.   ^ 

e-2^a 

801.  Comparison  of  Conductivities  by  Means  of  Three  Tempera- 
tures at  Equal  Distances. — Let  the  temperatures  of  the  bar  (Fig.  193) 
at  distances  a:,  a;  +  a,  a:  -i-  2a,  be  ^j,  B^  0^  then  we  have 

^i  =  M«'*'  +  Nc"'*'=fi-h6,  suppose. 

Eliminating  a  and  h  from  these  equations  we  have 

=0, 
or 

Dividing  by  e^"-  -  r->^°-  we  have 
that  is 

0-1 

fj         I       Li 

Denoting     ^       '^  bv  2n  we  have  the  quadratic 

or 

the  positive  sign  })eing  taken  with  the  radical,  because  in  the  experi- 
ment of  Art.  302,  6^  +  ^3  is  greater  than  20.2,  *"^  '^  ^^  gi'eater  than 
unity,  therefore  n  -  ^^ir  -  I  is  less  than  unity.  But  e***  is  greater 
than  unitv,  hence  we  have  finallv 

Ma  =  log  (/J+  N.  "■"'-  1), 

and  for  two  bars  of  the  same  perimeter,  section,  and  coefficient  of 
emission  we  have,  taking  a  the  same  in  both — 
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V   Kj    »i    log(n,+  W-1) 
Hence,^  by  reading  the  temperatures  of  three  thermometera  pliiced  at 


equal  distances  from  each  other  in  bars  of  various  substances,  their 
conductivities  may  be  compared — that  is,  the  specific  or  relative 
conductivity  of  any  bar  may  be  obtAined,  but  the  absolute  conductivity 
ae  defined  in  Art.  399  remains  still  unknown. 

302.  Desppetz's  Experiments. — The  principles  of  the  foregoing 
article  were  made  use  of  by  Deapretz  *  in  a  series  of  expeiiments  on 
the  relative  conductivities  of  bars  of  various  metals.  The  l>ar  under 
experiment  was  heated  at  one  end  by  a  steady'  lamp,  and  the  temper- 
atures at  various  points  of  the  bar  were  determined  by  means  of 
thermometers  which  were  inserted  in  small  holes  sunk  into  the  axis  of 
the  bar  (Fig.  193).  The  thermometers  are  bro\ight  into  intimate 
contact  with  the  l»tr  by  having  their  bulbs  surrounded  by  a  little 
mercury,  or  in  the  case  of  high  temperatures  by  a  fusible  alloy,  placed 
in  the  holes  into  which  they  are  inserted.  By  this  means  the  temper- 
ature curve  along  the  entire  length  of  the  bar  can  be  plotted,  and  this 
curve,  if  the  principles  assumed  in  Art.  300  are  accurately  fulfilled, 
should  be  logarithmic.  The  conditions  assumed  in  the  theory  are, 
however,  only  approximately  fulfilled  in  practice,  and  the  ciu-ve  is 
found  on  trial  to  I>e  only  approximately  loganthmic.     The  logarithmic 

'  This  eiiuation  suggnits  a  metliod  of  comparm<r  the  emissi cities  of  the  surface  of 
s.  bar  when  coateil  with  ililTui«nt  nu1)atJini,«a.  av  n-lim  in  differetit  titatfs  of  ]>oli9li. 
For  when  Nj  and  ir,  are  deteiinineil  for  the  same  har  in  two  ditferfnt  surface  eondi- 
tionn,  we  know  the  ratio  of  /i,  to  /ij— that  U,  of  E,  to  Y-i. 

'  Despretz,  Ami.  tU  Chimle  ei  <'-■  Phyxiqw,  2-,  torn.  lix.  [■■  C7.  \%-ii  ;  and  torn. 
xxxvi.  p.  422,  1827 
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curve  between  any  two  points  is  found  to  lie  above  the  experimental 
curve,  so  that  the  latter  has  a  greater  sag  towards  the  bar  than  the 
former. 

In  order  to  compare  the  conductivities  of  two  bars  by  the  method 
of  the  foregoing  article  it  is  necessary  that  they  should  have  the  same 
surface  emissivity,  and  this  may  be  secured,  at  least  approzimAtelv, 
by  coating  them  with  lamp-black,  or  a  black  varnish,  or  by  electro- 
plating, or  more  simply  by  covering  them  with  white  paper  pasted  on. 
If,  in  addition,  the  cross-sections  and  perimeters  of  the  bars  under 
comparison  be  the  same,  the  conductivities  of  any  pair  are  compared 
by  the  formula 

/KT^  log  (>tg+>^^^-l) 
V  ka     log(/t,+ W-1)' 

where,  if  6^,  6^  0^  are  the  temperature  excesses  registered  by  three 
equidistant  thermometers,  then  2n  =  (6^  -k-  6^(6^  Despretz  verified  the 
theoretic  deduction  of  the  foregoing  article,  viz.  that  the  tempentare 
excesses  of  a  series  of  equidistant  thermometers  along  the  same  bar 
were  related,  by  the  ecjuations 

9'i  Ojt  04 

Objections  have  been  raised  to  this  method  of  experiment  on  the 
ground  that  the  thermometer  holes  sunk  in  the  bar  introduce  a  dis- 
coiitiimitv  into  the  material,  which  alters  both  the  distribution  of 
temperature  and  the  flow  of  heat.  The  error  introduced  in  this 
manner  will,  however,  l)e  inappreciable  if  the  widths  of  the  cavities 
be  fairly  small  compared  with  the  diameter  of  the  bar.  For  example, 
a  cavity  2  mm.  wide  cannot  produce  any  sensible  effect  on  the  flow  of 
heat  through  a  bar  from  1  to  2  centimetres  thick,  especially  when  the 
cavities  are  filled  up  with  a  fluid  metal. 

In  order  to  secure  the  siime  surface  emissivity  Despretz  coated  the 
bars  with  lamp-black,  but  this  so  increased  the  emissivity  that  the 
temperature  fell  very  rapidly  along  the  bar,  and  in  many  cases  it 
became  very  difficult  to  observe  the  difference  of  temperature  between 
two  thermometers  even  at  a  short  distance  from  the  heated  end. 

Anv  want  of  homo^ijeneitv  in  the  bars  will  also  introduce  con- 
sidenible  difficulty  and  uncertiiinty  into  such  experiments  as  these,  and 
perfectly  homogeneous  bars,  free  from  all  impurities,  are  perhaps  not 
to  be  obtained.  For  such  reasons,  therefore,  differences  are  to  be 
expected  between  the  results  obtained  by  different  observers  from 
experiments  made  on  different  specimens  of  the  same  substance,  and 
discrepancies  of  a  more  or  less  serious  aspect  are  not  surprising. 
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303.  Ezpertments  of  Wiedemann  and  Franz. — In  order  to  ex- 
amine the  accuracy  of  the  resulu  obtained  by  Deepretz  a  new  series 
of  experiments  was  undertaken  by  Wiedemann  and  Franz.'  The 
principle  of  the  method  adopted  was  the  same  as  that  of  Despretz, 
but  the  apparatus  employed  differed  in  some  important  respects.  The 
bars  employed  were  about  half  a  metre  long  and  6  mm.  in  diameter, 
and  in  order  to  secure  the  same  surface  emissivity  they  were  electro- 
plated. 

The  bar  under  examination  was  fixed  horizontally  in  the  centre 
of  a  glass  Tessel  (Fig.  194)  which  was  air-tight,  and  could  bo  exhausted 
BO  that  experiments  could  be  made  in  a  vacuum  as  well  as  in  air.  This 
vessel  was  immersed  in  a  water-bath,  the  temperature  of  which  could 


be  determined  and  kept  constant.  The  end  of  the  bar  was  heated  by 
a  current  of  steam,  and  its  temperature  was  thus  kept  approximately 
at  100"  C.  The  temperatures  at  various  points  along  the  bar  were 
determined  by  means  of  a  thermopile,  the  leading  wires  of  which 
passed  through  a  glass  tube  which  could  be  protruded  into  the  interior 
of  the  inner  vessel  at  will,  so  that  the  pile  could  aiide  along  the  bar 
and  register  the  temperature  at  its  various  poiuts.  The  pile  was 
graduated  by  direct  experiments  made  by  heating,  within  the  apparatus 
itself,  a  hollow  tube  of  steel  filled  with  mercury  and  containing  a 
thermometer.*  The  results  of  these  experiments  are  contained  in  the 
following  table  : — 

'  WiedemaDD  »ud  Franz,  Ann.  i/c  Ckimie,  3',  torn.  xlL  p.  107,  1851, 
»  Langberg  {Pogg.  Ami.,  B.  Ixxiix.  p.  1.  S«pt.  185.1)  iutrodncri  the  method  of 
thermo-electric  couples  iuslead  of  the  thermoniotera  lined  by  Despreti.  Tiie  jimctioii 
was  aplilied  aitaiiist  the  hiir.  Wiedemann  and  Franz  employed  the  sauic  method,  bat 
adopted  many  precautions  iieglectml  by  Langber);.  The  pHnviiial  objection  to  Lang- 
bera's  vork  is  the  neglect  of  making  the  same  closene^a  of  contact  vritli  the  couple 
in  all  cassa,  and  in  employing  wires  instead  of  bars  the  errara  due  to  air-currents 
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Relative  Conductivities 


Silver 
(.'oi>i)er 
Gold . 

'  Brass 

Tin  . 
Iron  . 
Steel . 
Lead. 
Platinum  . 
Rose's  alloy 
'  Hisniutli    . 


In  Air. 

In  Vacuum 

1 

100 

100 

73-6 

74-8 

.53-2 

54-8 

f  23  1 

(25  0 

t24-l 

\24  0 

14-f) 

15-4 

11-9 

10-1 

11-6 

10-3 

8-5 

7-9 

6-3 

7-8 

2-8 

2*8 

1-8 

•  •  • 

I 


^  304.  On  the  Experimental  Determination  of  Absolute  Con- 
ductivities.— Tlie  definition  of  conductivity  stated  in  Art.  299  sug- 
gests at  once  a  method  of  estimating  it  in  absolute  measure,  for  if  the 
two  faces  of  a  plate  of  known  thickness  and  area  be  maintained  at 
fixed  temperatures,  and  if  the  difference  of  these  be  accurately  known, 
as  well  as  the  quantity  of  heat  which  flows  throiigh  the  plate  per  second, 
then  all  the  quantities  necessiiry  for  the  estimation  of  K  will  be  known. 
Thus,  if  steam  be  blown  against  one  face  of  the  plate,  and  if  melting 
ice  or  water  be  placed  in  contact  with  the  other,  the  flow  of  heat  may 
be  ascertained  by  tlie  amount  of  st<?am  condensed  on  one  side,  or  by 
the  amount  of  ice  melted  on  the  other,  or  by  the  change  of  temperature 
of  the  water. 

A  ^reat  difliculty  attending  this  method  arises,  however,  in  the 
determination  of  th<»  exact  temperatures  of  the  faces  of  the  plate,  for 
the  hot  face  is  certainly  colder  than  the  vapour,  and  the  cold  face  is 
undoubteiilv  warmer  than  the  water  or  ice  in  contact  with  it.  The 
diirerence  of  temperature  between  the  faces  of  the  plate  will  therefore 
l)e  much  less  than  tlie  diflerence  of  temperature  between  the  steam  on 
one  side  and  the  water  on  the  other.  To  proceed  on  the  supposition 
that  the  hot  face  is  at  the  temperature  of  the  steam,  or  very  approxi- 
mately so,  and  that  the  cold  face  is  also  very  nearly  at  the  temperature 
of  the  melting  ice  or  water,  is  to  assume  conditions  which  «irc  ver}'  far 
from  the  trutli.  This  is  shown  clearly  by  the  results  obtaineil  in  this 
manner  bv  CkMuent  and  Peelet.^  Tlie  number  obtained  bv  the  former 
for  the  con<luelivity  of  copper  being  about  200  times  too  small,  and 

and  Ji'  ■iib'iital  o;uisi'>  wrn-  ^ivatly  magniticd.  The  i»ossil)ility  of  a  deKuitc  dilFerence 
<»f  t«iii|Mi.itui«'  ln'tn-JMii  tlif  bar  an»l  tlie  jinn.'ti<ni  is  a  serious  objection  raisetlby 
VtM-.lel. 

'  IV.;lft,  -//</^  '/'  Uii'iiie  d  fh'  I'lnfsi'jm.,  ^i*",  ton),  ii.  p.  107,  1841. 
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that  of  the  latter  6  times  too  small.  ^  This  means  that,  if  the  other 
quantities  be  supposed  to  have  been  correctly  observed,  the  difference 
of  temperature  between  the  faces  of  the  plate  was  with  the  former 
200  times  and  with  the  latter  6  times  less  than  was  supposed. 

The  change  of  temperature  in  passing  through  a  thin  film  of  water 
in  contact  with  the  plate  may,  in  such  an  experiment,  be  much  greater 
than  the  whole  difference  between  the  faces  of  the  plate,  so  that 
although  the  face  of  the  plate  is  essentially  at  the  same  temperature 
as  the  surface  of  the  adjacent  film,  yet  it  may  differ  largely  from 
the  temperature  registered  by  any  ordinary  thermometer  placed  close 
to  it,  nor  does  it  seem  likely  that  the  difficulty  could  be  quite  got  rid 
of  by  taking  the  temperature  of  the  face  by  means  of  thermo-electric 
junctions.  P6clet  seems  to  have  been  alive  to  this  source  of  error  in 
Clement's  experiments,  for  he  vastly  improved  his  apparatus  by  placing 
a  special  stirrer  in  the  water  so  that  fresh  layers  were  constantly 
brought  into  contact  with  the  face  of  the  metal  plate ;  but  even  this 
only  partially  removed  the  error,  for  the  surface  film  adheres  to  the 
plate,  and  no  process  of  stirring  would  remove  it  with  sufficient 
rapidity  to  keep  the  face  of  the  plate  at  anything  like  the  mean 
temperature  of  the  liquid. 

The  only  hopeful  method  then  is  to  take  temperatures  in  the 
metal  itself  and  not  outside  it.  Thus,  if  the  plane  faces  of  the  plate 
be  supposed  vertical,  then  small  vertical  holes  should  be  drilled  in  the 
plate,  one  near  each  face,  and  the  temperatures  of  the  metal  at  these 
points  may  be  taken  either  by  small  thermometers  placed  in  the  holes 
or  by  some  thermo-electric  method.  By  this  means  the  temperatures 
of  the  two  faces  of  a  layer  of  known  thickness  of  the  plate  are  known, 
and  all  the  quantities  required  for  the  determination  of  K  may  be 
obtained  with  tolerable  accuracy.  This  amounts  practically  to  what 
we  shall  describe  as  the  guard-ring  method. 

Another  method  was  devised  by  Forbes  in  1850,  and  although  it 
is  very  simple  in  principle,  yet  it  is  exceedingly  tedious  and  laborious 
in  practice.  The  object  of  the  method  is  to  determine  K  by  estimating 
the  quantity  of  heat  that  fiows  through  any  section  of  a  bar,  heated  at 
one  end,  as  in  the  experiments  of  Despretz.  When  the  stationary 
stage  is  attained,  the  whole  heat  that  crosses  any  section  of  the  bar  is 
radiated  from  the  surface  between  the  section  and  the  cool  end  of  the  bar. 
If,  therefore,  the  temperatures  be  known  at  all  points  along  the  bar, 
and  if  the  emissivity  of  the  surface  be  also  determined  for  all  temper- 
atures by  separate  observations  on  a  similar  bar,  or  on  part  of  the 
same  bar,  then  the  whole  quantity  of  heat  radiated  per  second  by  the 

^  See  Art.  '*Heat,*'  Ency.  Brit,  (Lord  Keh-in). 
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surface  between  any  cross-section  and  the  cold  end  can  be  calcuUtoi 
This  with  the  temperature  gradient  at  the  section  in  question  giToi 
the  conductivity.  The  temperature  gradient  is  found  from  the  tem- 
perature curve,  being  the  trigonometrical  tangent  of  the  angle  whkk 
the  tangent  line  at  the  corresponding  point  of  the  curve  makes  with 
the  axis  of  t„  Hence  when  the  temperature  curve  is  plotted,  we  cao 
find  the  temperature  gradient  at  any  point  of  the  bar. 

A  third  method  has  also  been  devised  and  employed  with  succeu. 
This  method  was  introduced  by  Angstrom  and  depends  on  the  obsem- 
tion  of  the  periodic  flow  of  heat  in  a  bar  alternately  heated  and  cooled 
at  one  end  or  at  some  point  of  its  length.  We  shall  consider  this 
method  fully  later  on ;  at  present  we  shall  describe  the  experiments  of 
Forbes,  as  they  were  the  first  to  yield  trustworthy  results. 

305.  Forbes*s  Method. — As  already  mentioned,  the  experimental 
method  of  Forbes^  consists  essentially  of  two  distinct  observations — one, 
the  determination  of  the  temperature  curve,  and  thence  the  estimation 
of  the  temperature  gradient  at  all  points  along  a  bar  heated  steadily  at 
one  end,  and  the  other  the  determination  of  the  rate  of  cooling  of  a 
similar  bar  uniformly  heated,  and  then  left  to  cool  in  the  open  air 
under  the  same  conditions  as  the  first  bar.     The  first  was  termed  bj 
Forbes  the  sfaficaly  and  the  second  the  dyiuimic€il,  or  cooling,  experi- 
ment.    In  the  former  the  obsen^ations  are  made  on  a  bar  when  the 
steady  state  has  been  acquired,  and  it  is  steady  temperatures  that  are 
taken,  whereas  in  the  latter  the  observations  are  made  on  the  rate  of 
cooling  of  a  bar,  and  the  tern  pern  tures  registered  are  those  of  a  cooling 
body.     The  two  bars  may  therefore  be  referred  to,  for  brevity,  as  the 
staticul  and  dywimiml  bars  respectively. 

The  Statical  Experinunt. — In  this  experiment  a  bar  of  WTought  iron 
8. feet  long  and  \\  inch  sriuare  section  was  used.  One  end  was  heated 
by  being  fixed  into  a  cast-iron  crucible,  which  was  finely  adjusted  to  it, 
and  contained  molten  lead  or  solder.  This  was  kept  in  the  fluid  state 
and  at  as  uniform  a  temperature  as  possible  by  means  of  a  powerful 
gas  furnace.  By  adjusting  the  gas-flame,  and  l>y  placing  pieces  of  the 
solid  metal  in  the  fluid,  the  temperature  of  the  heated  end  could  l>e 
regulated  with  considerable  exactness,  and  kept  constantly  at  the  melt- 
ing point  of  lead  or  sol<ler.  This,  however,  was  a  very  laborious  pro- 
cess, as  the  experiment  lasted  from  six  t-o  eight  or  even  ten  hours.  The 
iron  bar  was  so  long  that  the  temperature  of  the  farther  end  was  not 
sensibly  raised  during  the  experiment,  and  it  was  employed  in  two 

^  Forbes,  .lames  D.,  Phil.  Trans,  liny.  Soc.  Edinburgh,  vol.  xxiii.  p.  13^J. 
April  18H2.  The  experiments  (lescribe<l  in  this  pai)er  were  made  ten  yeai-s  previous 
to  its  publication,  ami  a  brief  account  of  them  was  communicated  to  the  ]Jriti>b 
Association  at  Belfast  in  1852. 
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surface  conditions — one  in  which  the  surface  was  bright,  and  the  other 
in  which  it  was  covered  with  thin  white  paper,^  applied  with  the  least 
|>ossible  quantity  of  paste,  so  that  the  conductivity  of  the  same  bar 
might  be  determined  when  the  surface  emissivity  was  greatly  changed 
(ill  the  ratio  1  : 8,  according  to  Leslie). 

The  temperature  curve  was  determined  by  means  of  ten  ther- 
mometers placed  in  small  holes  (0*28  inch  diameter)  drilled  in  the 
bar.  The  holes  in  the  colder  part  of  the  bar  were  filled  with  mercury, 
while  those  near  the  hot  end  were  filled  with  a  fusible  metal  in  a 
semi-fluid  state,  as  it  was  found  that  when  mercury  was  used  in  the 
warmer  holes  the  surface  became  hotter,  by  convection,  than  the 
central  part  of  the  hole,  contrary  to  the  law  of  distribution  of  heat  in 
a  solid  bar,  and  consequently  an  undue  (though  perhaps  hardly  sen- 
sible) amount  of  heat  was  thereby  dissipated.  It  was  also  ascertained 
by  direct  experiment  that  the  boring  of  several  additional  holes 
between  the  extreme  holes  did  not  sensibly  disturb  the  flow  of  heat 
when  the  intermediate  holes  had  thermometers  surrounded  by  mercury 
inserted  in  them. 

The  temperature  curve  must  be  determined  by  readings  of  all  the 
thermometers  in  the  steady  state,  and  this  is  extremely  diflicult  to 
s^ure  in  practice,  for  the  instant  has  to  be  seized  when  the  casual 
fluctuations  become  inappreciable  simultaneously  on  all  the  ther- 
mometers, and  although  the  source  of  heat  may  appear  quite  steady 
for  a  time,  yet  the  temperature  wave  arising  from  some  antecedent 
irregularity  may  still  be  travelling  along  some  more  remote  portion  of 
the  bar.  Experience,  and  the  patient  entry  of  a  number  of  successive 
observations  of  all  the  thermometers,  can  alone  secure  the  desired 
precision.^ 

The  Dynamical  Eirpcriment, — The  dynamical  or  cooling  experiment 
was  made  on  an  iron  bar  in  all  respects  similar  to  that  employed  in  the 
statical  experiment,  except  that  it  was  only  about  20  inches  long.     A 

*  The  |)ai>er  might  also  be  used  to  render  the  surfaces  of  different  bars  alike,  and 
for  this  purpose  it  would  no  doubt  be  much  better  than  a  black  varnish,  the  diffi- 
culties arising  from  the  use  of  which  have  been  already  noticed  as  a  source  of 
considerable  trouble  to  Despretz. 

^  One  good  thermometer  might  be  used  to  take  all  the  readings  by  the  stepping 
iiuthodf  and  the  necessity  of  having  a  large  numlKjr  of  accurate  thermometers  may 
\ye  thus  avoided.  For  if  a  single  accurate  tliermometer  be  possessed,  it  may  be 
placed  at  first  in  the  hottest  hole,  and  then  in  the  others  successively,  after  being 
allowed  to  cool,  until  it  lias  very  approximately  attained  the  temi)eratures  of  the 
thermometers  in  the  other  holes  in  succession.  All  the  readings  may  be  thus  made 
with  one  good  thermometer. 

It  is  also  worthy  of  note  that  the  form  of  the  temperature  curve  may  be  sensibly 
influenced  by  convection  currents. 

IT 
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small  hole  was  bored  at  the  centre  of  one  side  (Fig.  195)  in  which  i 
thermometer  could  be  placed  with  an  amalgam  round  it  as  in  tk 
previous  experiment.  At  first  a  high  uniform  temperature  was  com- 
municated to  this  bar  by  immersing  it  in  a  cylindrical  vessel  contaioiif 
a  heated  fusible  metal  (4  parts  lead  +  3  tin  +  3  bismuth).  The  hu 
was  first  wrapped  in  several  folds  of  paper  to  prevent  any  sudden  duD 

of  the  fluid  metal  on  its  first  immenioo, 
and  it  was  completely  immersed  and  with- 
drawn a  few  times,  each  end  being  alternately 
lowest,  so  as  to  equalise  its  temperatare 
as  much  as  possible  throughout.  When 
^  '  ^    thoroughly  heated  it  was  withdrawn,  and 


Z 


FiK.  195.  the  paper  cover  was  rapidly  cut  off.     Th« 

naked  bar  was  then  placed  horizontally  on 
two  blunt>edged  props,  so  as  to  cool  under  the  same  circumstances  as 
the  statical  bar.  Mercury,  previously  heated,  was  placed  in  the  hole, 
or  holes  (there  were  usually  two  or  three  near  the  centre  of  the  bar), 
and  thermometers  were  inserted.  The  temperatures  were  then  read 
off  from  minute  to  minute,  and  the  rate  of  cooling  determined,  the 
object  of  the  experiment  being  to  determine  the  rate  at  which  any 
element  of  surface  of  the  statical  bar  loses  heat,  ascertained  in  terms 
of  the  temperature  registered  by  a  thermometer  sunk  in  the  bar  at 
that  point.^ 

Calrnlation  of  the  Flux  of  Hmt. — From  the  results  of  these  two 
experiments  the  flow  of  heiit  across  any  section  of  the  statical  Kir 
may  be  evaluiited  in  the  steady  st;ite.  The  temperature  curve  being 
plotted,  tangents  were  drawn  at  its  various  points,  and  the  ordinates 
MP  (Fig.  106)  and  subtangents  MX  measured.  The  ratio  of  these 
gave  the  value  of  <!$  dr^  the  temperature  gradient  at  each  point  along 
the  bar.  The  results  derived  from  the  dynamical  experiment  were  also 
represented  gra{)hically,  the  temperatures  being  taken  as  ordinates,  and 

•  At  U'lnpeiatnres  iipinoachiiig  200'  C.  a  ilirtieulty  arose  which  coulil  not  W 
com])lftely  overcome.  When  a  l»ar  lias  been  heated  uniformly  the  distrihntion  of 
heat  over  any  cross-section  is  not  tlie  same  as  when  the  har  in  the  statical  exj^eri- 
ment  has  attainc<l  the  |>erm!incnt  state,  nor  is  it  the  same  as  when  the  l)ar  under 
experiment  has  cooled  to  a  certain  extent.  In  fact,  it  has  been  shown  by  Fourier 
that  in  the  early  stages  of  cooling  of  a  boiiy  which  has  been  iinifonuly  heateil.  the 
expression  for  the  temperature  at  any  jioint  includes  certain  circular  function^ 
which,  in  the  case  of  good  conductors,  rapidly  become  evanescent.  Such  cscillalions 
of  temperature  allect  the  rate  of  cooling,  and  are  ])erceptible  in  the  higher  pan  of 
the  scale,  their  general  teuth'ncy  being  to  make  the  rate  of  cooling  of  a  thermometer 
sunk  in  tin-  axis  of  the  bar  at  tirst  too  small,  for  the  bar  is  at  first  only  sui^erficially 
cooUd.  These  irregularities  at  temperatures  approaching  200"  C.  are  mentioned  by 
Forbes  as  the  greatest  dilliculty  met  with  in  the  in<iuiry. 
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the  corresponding  times  as  the  abscissae  of  a  curve.  Tangents  were 
drawn  to  this  curve,  and  the  corresponding  subtangents  measured. 
The  ratio  of  these  at  any  point  of  the  curve  gave  the  rate  of  cooling 
-  dSjdt  at  the  corresponding  temperature.  These  rates  having  been 
tabulated,  another  curve  was  constructed,  having  the  rates  of  cooling 
for  ordinates,  and  the  corresponding  lengths  along  the  statical  bar  for 
abscissa  The  ordinate  of  this  curve  (Fig.  197)  being  -  d$ldt,  it  follows 
that  the  element  of  area  between  two  very  close  ordinates  at  a  distance 
dx  will  be  proportional  to  the  quantity  of  heat  radiated  by  the  element 
per  second,  and  hence  the  area  of  this  curve  between  the  ordinate 


Y\^.  196. 


Fig.  197. 


corresponding  to  the  point  x  and  infinity  (the  cold  end  of  the  bar) 
represents  the  total  loss  of  heat  from  the  surface  of  the  bar  beyond  the 
section  ;  or,  in  other  words,  the  flow  of  heat  across  this  section.  This 
curve  is  approximately  logarithmic,  and  the  area  between  any  two 
ordinates  can  be  calculated  with  sufficient  exactness,  or  it  can  be  found 
by  means  of  a  planimeter. 

If  we  integrate  the  equation  given  in  the  footnote,  p.  632,  with 
respect  to  ar,  from  ic  to  ao ,  we  get 


dx  ~  \  x~di 


-tA^'> 


and  as-v-=  -  ^tf^  (^g-  196)>  and  the  integral  is  given  by  the  area 

of   the  curve  (Fig.  197)  from  x  to  oo ,  by  substituting  the  computed 
values  of  these  quantities,  we  obtain  /;,  and  hence  K. 

The  following  table  contains  the  results  of  the  experiments : — 


[Table 
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NAKED  ] 

UAR. 

1 

TemiM»rature. 

Exoeu  above  !            ^^ 
Air.           !            dx' 

1 

FluxQ. 

1 

•c. 

1            "C. 

1 

25 

12 

11 

1 

015 

0  0136 

60 

37 

40 

0-52 

0  0130 

75 

62 

71 

1 

0-98 

0  0131 

100 

87 

104 

1 

1-31 

0  0126 

125 

112 

142 

171 

0  0122 

150 

137 

187 

2-08 

0-0112 

175 

162 

,          244 

2-43 

00100 

200 

187 

310 

1 

2-72 

0  00876 

COVERED 

BAR. 

25 

12 

15 

0-22 

00147 

50 

37 

52 

■ 

0-72 

0-0138 

75 

62 

92 

1-13 

00123 

100 

87 

138 

1-56 

0-0113 

125 

112 

187 

2-00 

0  0107 

150 

137 

235 

2-45 

0-0107 

175 

162 

'          295 

i 

3-00 

00102 

1 

In  order  to  express  K  we  must  multiply  the  numbers  in  the  fii 
column  by  the  product  of  the  specific  heat  and  specific  gravity  of  in 
This  product  was  t«iken  as  0*888,  and  the  numl)ers  for  the  conducti\'i 


of  wrought  iion  become 


Conductivity  of  Wkou(;ht  Iron  (I^-inx^h  Bar) 


„.  .  KtK>t,  Miiiut*',  utnl  (Vnti- 

lomp^Taturo.  gnul.  h.-gnv  Units. 


0 

r.o 

75 
100 
12') 
150 

175 
*J0O 


0  0 133 
0-01-27 
0-0 120 
0-0114 
0-0107 
00101 

0-0094 
0-OOSS 
0-O0S2 


Contimi'tre,  Minute, 

nnd  CViitijtnuie 

Degree  Units. 


12-36 

11-80 

11-15 

10-59 

9-94 

9-38 

8-73 

8-18 

7-02 


K  here  expresses   in   centigrade  degrees   the   change  of    temperatu 
that   would  he  produced  in  a  cubic  foot  of  water  by  the  quantity 
lieat  that  flows  across  a  plate  of  iron  1   foot  square  and  1   foot  thi( 
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in  one  minute,  the  faces  of  the  plate  being  maintained  at  a  constant 
difference  of  temperature  of  one  degree  centigrade.^ 

The  great  merit  of  Forbcs's  method  is  that  it  seeks  to  determine 
the  conductivity  directly  in  terms  of  its  definition  instead  of  through 
a  solution  of  Fourier's  equation,  which  is  founded  on  the  hypothesis 
of  constant  conductivity,  and  on  Newton's  law  of  cooling.  The  ex- 
periments have  been  repeated  by  Professor  Tait,*  with  Forbes's  iron  Tait's  ex- 
bar,  and  they  were  also  extended  to  other  metals  with  the  object  of  P*"™®° 
testing  in  what  manner  the  thermal  conductivity  varied  with  tempera- 
ture, and  to  determine  if  the  variations  of  thermal  and  electrical 
conductivity  followed  the  same  laws.  For  this  purpose  copper  and 
lead  ^were  chosen,  because  they  can  be  obtained  pure  and  are  not 
excessively  expensive.  Two  specimens  of  copper  were  used  —  one 
(Crown)  of  the  highest,  and  the  other  (C.)  of  the  lowest  electrical 
conductivity.  An  alloy  (German  silver)  was  also  examined  because 
the  electrical  conductivity  of  this  substance  varies  little  with 
temperature. 

In  such  ^n  investigation  as  this  a  considerable  range  of  temperature 
is  essential,  and  at  high  temperatures  the  experimental  difficulties 
become  enormously  increased.  The  end  of  the  bar  was  kept  at  a  high 
uniform  temperature,  not  by  Forbes's  method  of  melting  solder  which 
requires  constant  watching,  but  by  a  special  gas-burner,  furnished 
with  a  regulator  devised  by  Dr.  Crum  Brown,  which  supplied  the 
gas  to  the  biuner  at  a  const-ant  pressure.  In  practice  the  work- 
ing of  this  arrangement  was  found  to  be  almost  perfect.  Another 
difficulty  arose  in  the  displacement  of  the  zero  on  the  thermo- 
meters when  exposed  to  high  temperatures,  and  an  uncertainty 
always  attends  the  correction  to  be  applied,  on  account  of  the 
portion  of  merciuy  which  occupies  the  stem  not  being  at  the  same 
temperature  as  that  in  the  bulb.  In  the  case  of  copper,  and  even 
with  German  silver,  a  further  difficulty  arose  at  high  temperatures  in 
the  oxidation  of  the  surface.  The  coating  of  oxide  promotes  radiation, 
and  at  different  temperatures  the  surface  becomes  oxidised  to  different 
degrees,  so  that  each  set  of  experiments  with  the  short  bar  can  be 
strictly  compared  only  with  one  part  of  the  long  bar.  The  heating  of 
the  short  bar  for  the  dynamical  experiment  was  effected  by  placing 
it  over  a  row  of  gas-jets  while  it  was  rotated  round  its  axis,  so  as  to 
become  uniformly  heated  on  all  sides.  Other  methods,  such  as  a  hot 
air  bath,  were  tried  and  abandoned,  and  it  was  found  that  in  heating 

'  Fourier's  units  were  minute,   metre,  and  the  interval  0"  to  100^  as  unit  of 
temperature. — TTiiorie,  Arts.  68,  69. 

2  Tait,  Trans.  Hoy.  Soc.  Ediii,,  vol.  xxviii.  p.  717,  1879. 
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the  bar  it  was  more  important  to  avoid  oxidation    than   to  secure 
absolute  uniformity  of  temperature. 

When  the  statical  cooling  curves  were  constructed,  they  were 
found  to  be  not  even  approximately  logarithmic,  except  for  small 
intervals,  and  even  then  the  axis  was  not  usually  asymptotic  to  the 
ciu*ve.  In  reckoning  the  area  between  the  curve  and  the  axis,  » 
great  difficulty  arose  in  determining  how  much  should  be  allowed  for 
the  portion  (in  theor}^  infinitely  long  but  of  finite  area)  which  ex- 
tended beyond  the  lowest  temperature  observed,  and  the  error  arising 
from  this  uncertainty  becomes  more  important  the  lower  the  tempen- 
ture.  This  difficulty  did  not  arise,  however,  in  the  case  of  copper, 
for  on  account  of  the  high  conductivity  of  this  substance  the  further 
end  of  the  1)ar  was  kept  in  a  large  vessel  of  gutta-percha,  through 
which  cold  water  constantly  circulated,  so  that  its  temperature  was 
below  that  of  the  surrounding  air,  and  the  temperature  gradient 
dOjdx  was  nowhere  very  small  In  all  such  experiments  a  small 
temperature  gradient  and  slow  flow  of  heat  should  be  avoided,  and 
for  this  reason  the  surface  of  a  good  conductor,  such  as  a  copper  bar, 
should  be  smoked. 

The  results  obtained  by  Professor  Tait  are  contained  in  the 
following  table.  The  units  are  the  foot,  minute,  and  centigrade 
degree,  the  unit  of  heat  being  the  quantity  required  to  raise  the 
temperature  of  one  cubic  foot  of  the  substance  V  C.  The  numbers 
consequently  represent  difiusivities,  the  ditfusivity  of  a  substance  being 
defined  as  the  conductivity  divided  by  the  thermal  capacity  per  unit 
volume. 


Teniii. 


Iron. 


CopiMT         ^.,,    ^  ,n  \  '       German 


T>ead. 


'<;. 

0 

0-0140 

r>o 

0-0138 

100 

0-0128 

1.50 

O-0121 

200 

0-0114 

2.50 

0-0109 

:i00 

o*oior» 

3.'>0 

0-0102 

0-076 


0-070 


0-082 


0  08;'. 


0-0.54 


o-or>7 


0-000 


0-063 


0-0088 

0-0152 

0-0090 

0  0160 

0  0092 

•  ■  ■ 

0-6094 

•  *  > 

The  last  two  numbers  for  iron  are  merely  probable  values  deduced 
from  the  curve  drawn  to  represent  the  others.^ 

^  111  Professor  Tail's  experiiuoiits  on  copper  and  other  substances  which  are 
attacked  ]>y  mercury,  the  thernionieter  holes  were  lined  with  thin  iron  .shells  in  whicl. 
mercury  niight  he  jtlacod. 

Lord  Kelvin  lias  suggested  (Art.   **  Heat,"  Ency.  Brit.)  that  the  holes  should  be 
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306.  The  Guard-Bin?  Hethod. — It  has  been  already  pointed  out 
(Art  304)  that  the  absolute  conducti\-ity  of  a  Bubstance  may  be 
determined  by  what  has  been  called  the  wall  method — that  is, 
by  keeping  the  two  faces  of  a  plate  of  the  substance  at  two  known 
temperatures,  and  noting  the  quantity  of  heat  which  flows  through  a 
known  area  per  second.  The  great  difficulty  of  determining  the 
exact  temperatures  ot  the  faces  of  the  plate,  however,  placed  this 
method  in  disrepute,  and  the  determinations  of  conductivity  have 
been  chiefly  based  upon  the  bar  method,  either  by  the  method  of 
steady  flow  already  described,  or  by  the  variable  or  periodic  process 
introduced  by  Angstrom  (Art.  309). 

If,  however,  a  very  thick  plate  of  the  material  be  employed,  the 
temperature  may  be  taken  at  various  points  of  its  interior,  and  the 
uncertainty  of  tlie  surface  temperature  may  be  avoided.  An  outline 
of  an  experiment  conducted  on  this  principle  is  roughly  represented 


in  Fig.  198.  The  plate  under  examination  is  ABCD.  One  face,  AB, 
forms  the  end  of  a  chamber  filled  with  steam,  and  the  other  face,  CD, 
forms  the  end  of  another  chamber  filled  with  ice.  Wlien  the  steady 
fiow  of  heat  is  established,  the  lines  of  flow  of  the  heat  will  be  straight 
lines,  perpendicular  to  the  faces  AB  and  CD,  or,  at  any  rate,  this  wilt 
be  the  case  around  the  centre  of  the  plate.  Hence,  if  a  known  area 
of  the  central  portion  be  isolated,  and  if  the  temperatures  at  any  two 
points  within  the  plate  be  determined  by  inserting  thermometers  (or 
couples),  as  shown  in  the  figure,  and  if  the  quantity  of  heat  which 
flows  through  this  isolated  portion  be  also  determined,  the  conductivity 
of  the  plate  will  be  known.  By  varying  the  thickness  of  the  plate  and 
noting  the  corresponding  changes  in  the  flow  of  heat,  it  could  be 
ascertained  if  the  differences  of  temperature  of  the  faces  AB  and  CD 

Htted  with  Btems.  and  iineti  ss  the  bulha  of  air  (liemiDmelerH.  Tliej  might  thua 
register  their  own  tem[ieratiire,  but  the  iiiethoil  u-oulil  [irobalilj-  \ie  very  diHicuJt  and 
tuH.'ertaiD  in  practice.  Iti  all  imkh  eome  tlieniio-clectric  iiietlind  uoaU  prohably 
prove  auparior. 
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remninefl  the  same.  To  isolate  the  central  portion  a  cylindiid 
clminl)er  M  may  be  fixed  against  the  face  AB.  The  steam,  wtiA 
condenses  In  M,  can  l)e  drained  ofT  and  weighed,  And  this  will  aSiri 
a.  measure  of  the  quantity  of  heat  which  Hows  through  the  isoUud 
section.  Another  measure  of  the  same  quantity  may  be  obtained  br 
fixing  a  similar  cylinder  N  against  the  face  CD,  which,  if  filled  willi 
ice,  will  afford  a  measure  of  the  How  by  the  quantity  of  ice  melted  ptr 
second.  This  may  be  ro;ighly  measured  by  allowing  the  water  lo 
drain  off  from  N  as  the  ice  melts,  and  weighing  it,  but  a  much  men 
accurate  plan  will  be  to  make  N  the  bulb  of  a  Bunsen's  ice  colorimettr, 
and  thus  measure  the  qmuiliiT 
of  ice  melted  by  the  diminu- 
tion of  volume. 

This  method  has  betn 
applied  by  M.  Berget'  with 
considerable  success  to  mercuir 
and  some  other  metals.  Hk 
apparatus  adopted  in  the  c*m 
.  of  mercury  is  shown  in  fig. 
IdO.  A  cylindrical  column  of 
mercury  AB,  contained  in  * 
glass  tube,  was  surrounded  hj 
another  column  of  mcrcun',  as 
shown  in  the  figure,  which  act«(I 
as  ii  guard-ring,  and  prevented 
loss  of  heat  by  lateral  mdiation. 
so  that  the  central  column 
coiikl  be  regarded  as  part  of  sii 
intinite  wall  heated  at  it«  tno 
fiites  to  two  constant  temjieni- 
tures,  and  if  the  conductivity 
does  not  viuy  with  the  tcmpciutiire  the  distribution  of  temperatiirr 
along  the  eoliinin  will  be  linciir.  The  essential  part  of  the  apparatus 
I  was  a  Bunsen's  ice  calorimeter,  into  which  the  column  AB  protruded. 
The  nuM-cury  guiird-ring  rested  on  a,  sheet-iron  plate,  which  in_  mm 
rested  on  the  ice  suiniunding  the  bulb  of  the  calorimeter.  Th* 
mei-cury  was  beatetl  at  the  toj)  by  st<-am,  introduced  by  tubes,  as  shovn 
in  the  HiiTiie.  Thniugh  four  aiicrmres  pierced  in  the  side  of  the  vessel 
wliicli  contiiiiieil  the  niewury,  thermo-electric  junctions  1,  2,  3,  4  were 
inserted.  These  were  sim])ly  four  threads  of  iron  wire,  so  that  each 
pair  of  tlicni,  with  the  eoiiimn  of  mercury  between  their  ends, 
'  Alplioiise  V,rin<t.  Jfv,;..fl  ■>■■  I'hiinii-;  t..iii.  vii.  i..  503,  1888. 
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formed  a  thermopile  which  measured  the  difference  of  temperature 
between  the  ends  of  the  pair. 

The  greatest  care  was  taken  in  reading  the  temperatures  indicated 
by  these  couples,  and  the  results  proved  that  the  distribution  of 
temperature  along  the  column  was  linear.  The  mean  value  of  K  for 
mercury  was  found  in  this  manner  to  be  0*02015  C.G.S.  units.  In 
all  cases  it  was  found  that  the  times  necessary  for  the  establishment 
of  the  steady  flow  were  proportional  to  the  squares  of  the  lengths  of 
the  column,  which  is  a  consequence  of  Fourier's  theory. 

The  same  method  was  also  applied  to  metals,  and  the  conductivity 
of  copper  was  found  to  be  1  04050,  of  iron  0*1587,  and  of  brass 
0-2625. 

307.  Thermal  and  Electric  Ck>nductlvities— Variation  of  Thermal 
Ck>nductiyity  with  Temperature. — It  was  first  remarked  by  Forbes 
that  the  order  of  the  thermal  and  electric  conductivities  of  metals 
was  the  same — that  is,  that  those  metals  which  have  the  lowest  electric 
resistance  also  conduct  heat  best.  The  analogy  was  pushed  further 
by  Wiedemann  and  Franz,  who,  from  their  experiments  (Art.  303), 
concluded  that  not  only  were  the  thermal  and  electric  conductivities 
in  the  same  order,  but  that  they  were  sensibly  in  the  same  proportion, 
so  that  the  ratio  of  the  thermal  to  the  electric  conductivity  was 
supposed  to  be  the  same  for  all  metals.  The  truth  of  this  conclusion 
has  been  the  subject  of  many  subsequent  investigations,  among  which 
may  be  mentioned  those  of  Angstrom,  Tait,  Lenz,  Weber,  Kirchhoff, 
Hausemann,  Lorenz,  and  Berget.  When  the  electric  conductivities 
are  determined  from  wires,  and  the  thermal  from  bars  of  the  metal, 
it  is  not  to  be  expected  that  any  very  reliable  results  should  be 
obtained,  for  the  drawing  of  the  wires  will  alter  the  physical 
qualities  of  the  substance,  and  it  is  well  known  that  different 
specimens  of  the  same  metal  differ  considerably  in  conductivity,  both 
for  heat  and  electricity.  Hence,  although  the  conclusion  of  Wiede- 
mann and  Franz  appeared  to  be  confirmed  by  many  subsequent 
investigators,  it  has  been  decisively  contradicted  by  the  experiments 
of  Tait  and  Weber,  and  also  by  the  recent  investigations  of  M.  Berget, 
so  that  although  the  order  of  conductivity  is  found  to  be  the  same, 
yet  the  fiurther  analogy  has  not  been  found  to  hold  for  all  metals. 

The  change  of  thermal  conductivity  with  temperature  was  also 
noticed  by  Forbes.  The  foregoing  table  (p.  644)  shows  a  considerable 
decrease  of  conductivity  with  increase  of  temperature,  and,  as  a  similar 
decrease  takes  place  in  the  electric  conductivity  of  metals,  it  was 
supposed  by  Forbes  that  in  general  the  thermal  conductivities  of 
metals,  like  their  electric,  diminished  with  rise  of  temperature.     This 
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generalisation  was,  however,  proved  to  be  erroneous  by  the  subseqnett 
investigations  of  Professor  Tait,^  who,  although  he  also  found  i 
diminution  in  the  conductivity  of  iron  with  rise  of  tempeiatint 
points  out  that  the  large  variation  obtained  by  Forbes  partly  uini 
from  the  fact  that  the  variation  of  specific  heat  with  temperature  wii 
neglected.  In  the  great  majority  of  investigations  on  the  oonductioi 
of  heat,  it  has  been  assumed  that  changes  of  specific  heat  vitii 
temperature  do  not  require  to  be  taken  into  account.  Recent  in- 
vestigations, however,  have  shown  that  the  8|>ecific  heat  of  iron 
increases  by  as  much  as  1  per  cent  for  every  7""  C.  rise  of  tempenture, 
and  when  this  is  allowed  for,  the  variation  of  conductivity  obtained  br 
Forbes  becomes  reduced  to  about  ^  of  the  original  amount,  a  variatioo 
which,  in  such  an  exceedingly  difficult  investigation,  might  possibly  be 
within  the  limits  of  experimental  error. 

The  other  metals  examined  by  Professor  Tait,  on  the  contrarr, 
showed  an  increase  of  conductivity  with  rise  of  temperature,  and  the 
analogy  sought  for  by  Forbes  between  thermal  and  electric  conda^ 
tivities  was  proved  not  to  exist. 

308.  Flow  of  Heat  in  a  Bar  before  the  Steady  State  is  aoqulred. 
— In  the  case  of  a  bar  heated  at  one  end  before  the  permanent  state 
of  steady  flow  is  reached,  a  preliminary  stage  is  passed  through,  in 
which  the  temperature  of  each  element  of  the  bar  gradually  rises. 
During  this  stage  the  difference  ])etween  the  quantities  of  heat  which 
flow  in  at  one  face  and  out  at  the  other  face  of  a  short  length  6/  of 
the  bar,  is  not  all  radiated  from  the  surface  of  the  element ;  but  if  the 
mean  temperature  of  the  element  rises  by  an  amount  dO  in  a  time  di 
a  quantity  of  heat 

is  spent  per  second  in  raising  the  temi)erature  of  the  bar,  where  <:  i^ 
the  thermal  capacity  per  unit  volume — that  is,  the  specific  heat  multi- 
plied l>y  the  density  of  the  substance.  The  equation  of  propagation 
therefore  becomes 

AK  .  .,  =  E7>^  -f-Ac-^- 

If  the  bar  l)e  surrounded  l)y  a  guard-ring,  or  be  coated  with  a  non- 
conducting material,  we  may  write  E  -  0,  and  the  equation  becomes 

K  tr^a  _  do 
c  (tr-~  dr 

or 

tr-o  _dti 
d:r-  -  d/ 

^  Tait.  V.  G.,  Tnnis.  linif,  Soc.  Edin.,  Mni-cli  187S. 
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where  k  is  written  for  K/c,  and  has  been  termed  the  diffusivUy  of  the 
material  by  Lord  Kelvin.  The  same  quantity  has  also  been  named 
the  thermometric  conductivity  of  the  substance  by  Clerk  Maxwell,  since 
it  measures  the  change  of  temperature  which  would  be  produced  in  a 
unit  volume  of  the  substance  by  the  quantity  of  heat  which  flows  in 
unit  time  through  unit  area  of  a  layer  of  imit  thickness  having  unit 
difference  of  temperature  between  its  faces. 

It  is  this  quantity  that  chiefly  determines  the  effect  of  the  heat 
conducted  across  any  part  of  a  body  in  heating  the  substance  on  one 
side,  or  cooling  it  on  the  other,  and  when  this  effect  is  to  be  reckoned 
it  is  convenient  to  measure  the  thermal  conductivity  in  terms  of  this 
special  unit,  rather  than  of  the  ordinary  water  gramme  unit  of  heat. 

It  may  be  remarked  that  the  diffusivity  k  is  of  the  dimensions  P/t, 
and  is  consequently  to  be  reckoned  in  units  of  area  per  unit  time.  In 
the  C.  G.  S.  system  it  is  therefore  expressed  in  square  centimetres  per 
second. 


Fig.  200. 

Cor. — In  the  case  of  an  infinite  wall  heated  uniformly  over  one 
face,  or  a  bar  heated  at  one  end  and  furnished  with  a  guard-ring,  when 
the  flow  of  heat  becomes  steady,  the  foregoing  equation  reduces  to 

^^    ^         n 

j-.,  =  0,     or  0  =  ajf  +  b, 
ajT- 

that  is,  the  temperatiu*e  curve  is  a  right  line,  if  a  and  h  are  constants. 

309.  Periodic  Flow  of  Heat  through  a  lon^r  Bar. — If  a  long  bar  be 
periodically  heated  and  cooled  at  one  end,  a  thermometer  sunk  in  it  at 
any  point  will  exhibit  corresponding  variations  of  temperature.  When 
the  end  of  the  bar  is  heated  a  temperature  wave  travels  along  it,  and 
the  indication  of  the  thermometer  gradually  rises.  In  the  same  way, 
when  the  end  of  the  bar  is  cooled,  the  temperature  registered  by  the 
thermometer  will  gradually  fall,  so  that  if  the  temperature  of  the  end 
of  the  bar  be  varied  periodically,  the  temperature  at  every  point  of 
the  bar  will  also  vary  in  a  corresponding  periodic  manner,  and  when 
the  periodic  variation  of  temperature  has  been  maintained  for  a 
sufficient  time,  the  oscillations  of  temperatuie  at  any  point  of  the  bar 
will  attain  a  fixed  character,  so  that  the  mean  temperature  at  each 
point  remains  steady. 
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If  the  periodic  variation  of  temperature  be  a  simple  hannooic 
variation,  then  the  variiitions  of  temperature  at  any  point  of  the  W 
may  be  represented  by  a  curve  such  as  that  of  Fig.  200,  and  dm 
curve  will  be  a  sine  curve,  O-aain  (at  +  /3),  where  0  is  the  tempen- 
ture,  measured  from  the  mean,  and  t  the  time.  If,  however,  vf 
consider  the  fluctuations  of  temperature  at  the  variouB  poi&ts  of 
the  bar,  we  find  that  the  amplitude  of  the  temperature  variatjwif 
at  any  point  will  diminish  it 
the  distance  from  the  hot  end 
increases,  and  at  a  certain  dis- 
tance along  the  bar  the  vaiit- 
tions  of  temperature  will  be 
insensible,  and  the  tempentura 
of  the  bar  will  remain  con- 
stantly equal  to  that  of  the 
surrounding  medium  ( Fig.  30 1 ).' 
The  mean  temperature  at  ail 
points  will  not,  however,  be 
the  same,  but  will  diminish 
as  we  recede  from  the  heated  end,  the  curve  of  mean  temperature 
being  logarithmic,  and  similar  to  the  temperature  curves  obtaintd 
by  Desprctz  and  Forbes.  The  Huctuations  of  temperature  at  each 
iwiiit  will  lie  pcrioclip,  l>ut  the  variation  of  temperature  near  the 
heated  end  will  I>u  nmch  {greater  than  at  some  distnTice  along  the 
bar,  the  teniperuture  waves  gradually  dying  out  as  they  proceed 
along  the  lar.  These  conclusions  will  appear  clearly  in  the  foiW- 
ing  analysis : — 

Lut  us  take  the  case  of  a  iKir  suiTounded  by  a  non-conducting 
jacket,  and  let  a  simple  harmonic  variation  of  temperature  be  applied 
to  one  end.  In  this  case  the  temperature  at  any  jwint  is  deterraineii 
hv  the  equation 

'■■-r^.=  ,. 1 


11(1  a  simple  harmonic  solution  of  this  h 


if  the  constiints  .u,  »,  ji  lie  properly  chosen.  Differentiating  (3)  anil 
substituting  directly  in  {])  we  find  at  once  that  in  order  that  (1)  may 
lie  satisfied  I>y  ("J)  wo  must  have  the  relations 


r  attention  to  a  definite  point  of 
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the  bar,  so  that  x  remains  the  same  while  /  and  $  vary,  then  6  will 
vary  periodically,  being  the  same  when  /  increases  by  any  multiple  of 
2Tr/(u.  Hence,  if  the  end  of  the  bar  be  heated  and  cooled  in  a  simple 
harmonic  manner,  the  complete  period  of  a  heating  and  cooling  being 
T,  we  have 

and  consequently  w  measures  the  frequency  of  the  alternations  of  tem- 
perature. 

Let  us  now  examine  the  time  at  which  a  thermometer  placed  in 
the  bar  at  a  distance  x^  from  the  origin  will  reach  its  highest  or  lowest 
temperature.  This  will  happen  when  sin((i)/  +  /Sx  +  y)  attains  its 
greatest  or  least  value — that  is,  when  it  is  ±  1  ;  or,  in  other  words,  the 
temperature  will  be  a  maximum  at  tiio  point  if^  at  the  time  t^  given 
by  the  equation 

and  the  maximum  temperature  at  a  point  x^  will  be  reached  at  a  time 
^2»  given  by  the  equation 

ut.2  +  i3.>'2  +  7  =  (2/1  +  iJir, 

the  minima  temperatures  at  the  same  points  being  reached  when  the 
values  are  (2/1  -  i)7r.     Hence  by  subtraction  we  obtain 


or 


x^  -  ''\_(*f 


Now,  if  the  points  x^  and  x^  be  so  chosen  that  the  maxima  or  minima 
of  temperature  occur  at  them  simultaneously,  we  shall  have  t^  -  /j, 
equal  to  the  periodic  time  T,  and  the  difference  of  distance  x.^  -  x^  will 
be  the  length  of  the  temperature  wave  A,  so  that  the  last  equation 
becomes 


w^     2ir 


Hence,  in  our  original  equation  (2)  for  ^  the  quantities  a  and  fS  are 
determined  by  the  equation 

But  the  second  equation  of  condition  (3)  gives 

consequently,  by  substituting  for  a,  fS,  and  w,  we  have  the  relation 
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and  when  A  and  T  are  known,  we  are  furnished  with  the  Tihie 
of  L 

This  expression  for  k  may  also  be  written  in  the  form 

where  v  is  the  velocity  of  temperature  wave  propagation  (A/T)  along 
the  bar,  so  that  k  is  jointly  proportional  to  the  wave  length  and  Uic 
velocity  of  propagation. 

The  equation  (2)  for  $  may  now  be  written  in  the  form 

Thus  the  amplitude  of  the  temperatiu-e  variation  at  any  point  x  is 


2irr 


proportional  to  e  -^  '  so  that  the  amplitudes  go  on  decreasing  as  we 
recede  from  the  heated  end  of  the  bar,  and  the  mean  temperatare 
at  any  point  diminishes  in  the  same  way. 

In  order  to  determine  the  diffusivity  by  this  method,  it  is  conse- 
quently only  necessary  to  measure  the  wave  length  X  corresponding 
to  simple  harmonic  variation  of  temperature  of  known  period  T,  and 
the  conductivity  may  then  be  calculated  in  absolute  measure  when  the 
thermal  capacity  of  the  substance  per  unit  volume  is  determined. 

If,  however,  the  bar  be  not  furnished  with  a  guard-ring,  but  if 
radiation  takes  place  from  its  surface,  as  in  the  experiments  of  Despretz 
and  P'(M'bes,  the  equation  of  propagation  is 

d.i-  at 

or 

(IX-       ill 

whore  /t  -  E^'  Ac. 

A  .solution  of  this,  which  expresses  simple  harmonic  variations  of 
temperature  in  a  long  bar  heated  and  cooled  at  one  end,  is  again 

f^  =  •i'~'^ >in  I ix}f  -J-  S,r -f  7 ,'  ; 

l>ut  in  this  ease  the  relations  eonnectini;  the  constants  are  found  l>v 
substitution  to  be 

a--J-=.-,      and  L'ai=         , 

fntm  which  it  follows  that 


as  before  o  -  '1-  T.  while  a  is  the  rate  of  diminution  of  the  Napierian 
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logarithm  of  the  temperature  range,  and  ^  is  the  rate  of  retardation 
of  phase  reckoned  in  radians  per  unit  length  of  the  bar. 

If  the  variation  of  temperature  be  not  a  simple  harmonic  variation 
it  may  be  expressed  as  a  sum  of  such  variations  if  it  be  periodic,  and 
the  more  general  solution  of  the  equation — 

which  applies  to  any  regularly  periodic  variation  of  temperature,  will 
be 

(?=rtQ<j-«o«  +  ai«-*i* sin  M  +  ftx  +  7,)  +  a^-'^ sin  {2(at-¥^+y^  +  etc., 

if  the  constants  be  properly  chosen.  Differentiating  and  substituting 
this  value  of  B  in  the  equation,  we  find  that  in  order  that  it  may  be 
satisfied  we  must  have 

From  which  we  derive 


where  as  before  w  =  27r/T. 

310.  Angstrom's  Experiments. — The  first  experimental  determin- 
ation of  conductivities  by  the  periodic  method  was  made  by  the 
Swedish  philosopher  Angstrom.^  Long  bars  were  employed,  and  the 
periodic   heating  and  cooling  i  C 

was  effected  by  enclosing  a  y\ 
short  portion  of  the  middle  of  ^ 
the  bar   in  a  vessel  CD,  as 


B 

ZI 


B 


shown  in  Fig.  202,  through  ^^'^'-^ 

which  could  bo  alternately  passed  a  current  of  steam  and  a  current  of 
cold  water.2  When  this  heating  and  cooling  had  been  continued  for 
some  time,  the  temperature  at  each  point  of  the  bar  became  steadily 
periodic,  and  the  mean  value  of  the  temperature  at  any  point  became 
constant.  Rigorously  speaking,  however,  an  infinite  time  is  required 
to  reach  this  stage.  The  bars  were  perfoiated  at  intervals  of  50  mm. 
by  cavities  2*25  mm.  in  diameter,  which  contained  the  bulbs  of  thermo- 
meters provided  with  arbitrary  scales. 

*  Angstrom,  PhU.  Mag.,  vol.  xxv.  p.  130,  1863  ;  and  vol.  xxvi.  p.  161  ;  Pogtj. 
Ann..,  B.  cxiv.  p.  513,  1861  ;  and  Ann.  dc  Chimic  et  dc  Physique,  S*-',  torn.  Ixvii.  p.  379. 

'  This  was  adopted  with  the  copper  bar.  but  the  iron  bar  was  cooled  simply  by 
radiation. 
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In  making  an  experiment  the  heating  was  applied  for  twehc 
minutes  and  the  cooling  for  the  same  time,  so  that  the  periodic  tine 
T  was  twenty-four  minutes.  The  temperature  at  a  given  point  of  tk 
bar  was  observed  for  each  minute  during  one  or  more  of  these  periods: 
and  since  at  a  given  point  the  only  variable  in  the  general  expresaioi 
for  6  is  the  time,  the  equation  for  0  may  be  written  in  the  form 

^  =  Ao  +  A,  sin  ( w<  +  5,)  +  A,  sin  {2<at  +  S^)  +  A,  sin  {3<at  +  9^)  +  etc., 

in  which,  from  the  observations  of  ^,  corresponding  to  various  Talnee 
of  /,  the  constants  A^,  Ap  etc.,  8^  ^2,  6^  etc.,  can  be  calculated  In 
practice  the  series  may  be  limited  to  the  first  three  or  four  terms,  u 
the  coefficients  A^  A^  A3,  etc.,  decrease  rapidly.  Let  us  now  suppoK 
that  similar  observations  are  carried  out  at  another  point  of  the  bar. 
and  that  the  temperature  at  this  point  is  given  at  the  time  /  by  the 
series 

B'  =  A'o  -i-  A',  sin  (erf  +  B\)  +  A'j  sin  {tot  +  a',)  +  etc. 

If  the  first  series  corresponds  to  a  point  x  and  the  second  to  a  p(Hnt 
x\  we  have,  using  the  notation  of  the  foregoing  article, 

Aj  =  rtjf-"!',     and  A',  =  rtir-*»'', 

with  similar  expressions  for  the  other  coefficients,  so  that  if  the  dis- 
tance X  -  X  between  tlie  two  points  be  denoted  by  /,  we  have 

'V^,«i',      whiles',  -5,-^^,/. 
•A  1 

therefore 

0Li^-\o^  ,A,  A'i\ 

ami  consequently 


But  we  have  already  found  that 


U)  IT 

—  OLiij,  =  — -  =:  ,  , 


and  hence 

T,5,-5',)lug.A,/AV 

In  the  same  manner,  if  we  had  employed  the  terms  iiivolvin<'  A    ami 
A',„  we  should  have  had 

A„  =  a..'  -"" ',     and  A'„  =  (/„<:-*'-^'. 

Therefore 

'  ;'-  =  r'«',       anil  d'„  -  d„  =  ^J, 

consequently 

a„Sn^-  5',t  -  5„"i  log  vA„'A'„). 
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But 

therefore 

*~T(5„-5'„)log(A„/A'„)- 

Thus  each  pair  of  terms  leads  to  an  independent  determination  of  the 
quantity  k,  but  the  value  obtained  from  the  first  pair  is  most  reliable. 
The  accuracy  of  the  obtained  value  of  k  may  also  be  controlled  by 
altering  the  period  of  heating  and  cooling.^ 

Angstrom's  first  experiments  were  made  with  square  bars  570  mm. 
long  and  23 '75  mm.  side,  and  the  values  found  for  the  conductivity  of 
copper  and  iron  at  the  mean  temperature  of  50""  C.  were — : 

For  copper K  =  54*62 

For  iron K=  977 

the  units  employed  being  the  centimetre,  gramme,  and  minute. 

A  subsequent  series  of  experiments^  on  bars  1178  mm.  long  and 
35  mm.  thick,  furnished  with  thermometers  at  intervals  of  200  mm., 
and  in  which  the  heating  apparatus  was  so  modified  that  different 
mean  temperatures  could  be  obtained,  gave  in  the  same  units — 

For  copper  K  =  58-94    (1-0001519^) 

For  iron    ....         K  =  11 '927  (1 -0-00214^) 

This  method  when  applied  with  proper  precautions  is  undoubtedly 
capable  of  furnishing  good  results.  In  practice,  however,  the  use  of 
ordinary  mercury  thermometers  is  not  advisable  in  the  determination 
of  rapidly  varying  temperatures,  as  they  are  always  tardy  in  their 
indications  and  liable  to  work  by  sudden  starts.  For  the  measure- 
ment of  temperatures  in  all  such  cases  the  employment  of  thermo- 
electric couples  would  be  much  superior. 

311.  Conductivity  of  the  Earth's  Crust — Undergrround  Temper- 
atures.— The  method  of  determining  conductivities  by  periodic  heating 

*  The  value  of  k  may  also  be  deduced,  without  using  /9,  when  a  is  known  for  two 
different  i)eriod8.     For  the  general  expression  for  a  is 

2Ara2  =  (/A2  +  nV)*  +  /*. 
or 

Similarly  for  a  different  period  ta'  we  have 

4X,-2o''»-4Aa'2/x  =  HV2. 

Therefore,  eliminating  fx,  we  obtain 


«-a  -^  -  «  -a- 
'2aa    ^      "i-^^^'^'i"" 


'2aa    \ 
-  Angatrom,  Phi/.  Mag.,  vol.  xxvi.  p.  161,  1863. 
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and  cooling  may  be  applied  directly  to  the  estimation  of  the  conductiWty 
of  the  earth's  crust  at  any  place.  For  by  day  the  surface  of  the  eartli 
is  heated  and  by  night  it  is  cooled,  so  that  a  series  of  heat  waves  are 
propagated  into  the  interior,  and  if  the  length  of  the  wave  and  the 
periodic  time  are  known  we  have  the  data  required  for  the  caiculatioo 
of  l\  There  is  also  a  general  aggregate  heating  of  the  surface  during 
the  summer  with  a  corresponding  cooling  during  the  winter,  so  that  in 
addition  to  the  diurnal  waves,  which  are  lost  at  a  depth  of  3  or  4  feet, 
there  is  an  annual  wave  which  may  be  traced  to  a  much  greater 
depth,  but  at  a  depth  of  50  feet  or  more  the  temperature  at  each 
point  remains  sensibly  constant  throughout  the  year. 

If,  however,  the  mean  temperatures  at  different  depths  be  com- 
pared, they  are  found  to  increase  as  we  descend  to  the  greatest  depths 
yet  penetrated.  The  amount  of  this  increase  varies  much  with  the 
locality  and  the  nature  of  the  strata  in  which  the  observations  are  made, 
being  largely  affected  by  water-percolation  and  other  circumstances,  so 
that  in  some  places  it  is  as  much  as  1"^  F.  for  30  or  40  feet,  whereas 
in  others  an  increase  of  1"  F.  corresponds  to  a  descent  of  120  or  130 
feet.  Roughly  speaking,  however,  the  rate  at  which  this  increase  takes 
place  in  this  country  is  about  1  F.  for  every  60  feet  of  descent.  This 
gradual  increase  of  temperature  as  we  descend  proves  that  there  must 
be  a  flow  of  heat  from  the  int<3nor  through  the  surface,  and  the  amount 
of  heat  which  escapes  from  the  earth  per  annum  in  this  manner  may 
be  estimated  when  the  conductivity  of  the  crust  is  known.  Having 
calculated  the  present  rate  of  loss,  we  can  calculate  backwards  what 
the  temperature  of  the  earth  must  have  been  in  time  jvist,  and  in 
this  manner  Lord  Kelvin  ^  has  shown  that  it  cannot  be  more  than 
200,000,000  years  since  the  earth  was  a  molten  mass,  on  which  a  solid 
crust  was  just  beginning  to  form. 

If  the  crust  at  any  place  be  suppose<l  homogeneous,  and  if  the 
periodic  variations  of  temperature  l)e  regarded  as  uniform,  then  the 
])roblem  of  the  propagation  of  heat-waves  through  it  is  the  same  as 
that  of  an  infinite  wall  periodically  heated  and  cooled  over  one  face, 
or  the  same  as  that  of  a  bar  periodically  heated  at  one  end  and  coated 
Avith  a  non-conducting  material  or  a  guard -ring.  If,  therefore,  a 
numi)er  of  thermometers  be  buried  witli  their  bulbs  at  different  depths 
below  the  surface,  the  inward  progress  of  the  annual  wave  mav  he 
determined  and  the  wave-length  estimated.  In  the  case  of  a  simple 
harmonic  variation  of  temj)erature  we  have  (p.  653) 

^  ~  47rT' 
^  Sir  William  Thomson,  Trans.  lioii.  SifC.y  Ediii.,  vol.  xxiii.,  1862. 
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which,  with  the  thermal  capacity  per  unit  vohime  of  the  material, 
determines  the  absolute  conductivity  K. 

The  diurnal  waves  become  insensible  at  so  small  a  depth  that  in 
most  localities  the  inequalities  of  the  soil  and  drainage  prevent  any 
satisfactory  observations  on  their  inward  propagation  being  carried  out. 
At  depths  exceeding  3  feet  the  daily  variations  become  insensible, 
and  the  changes  observed  are  due  to  daily  averages  (varying  from 
day  to  day)  which  constitute  the  annual  wave.  If  the  annual  variation 
were  truly  periodic,  a  complex  harmonic  function  could  be  determined 
which  would  represent  for  all  time  the  temperature  at  depths  below 
3  feet.  But  the  annual  variation  is  by  no  means  perfectly  periodic, 
since  there  are  differences  in  the  annual  average  temperatures  and 
continual  irregularities  in  the  progress  of  the  variation  within  each 
year.  Sources  of  such  disturbances  are  the  unequal  percolation  of 
water  and  irregularities  on  the  surface  and  within  the  crust. 

If,  however,  the  temperature  be  supposed  periodic  and  be  ex- 
pressed as  a  complex  harmonic  function,  and  if  the  constants  of  the 
series  be  determined  by  observations  on  a  thermometer  buried  at  a 
certain  depth,  and  if  the  constants  of  another  series  representing  the 
varying  temperature  at  another  depth  be  determined  in  the  same  way 
by  observations  on  another  thermometer,  then  the  comparison  of  each 
term  of  one  series  with  the  corresponding  term  of  the  other  furnishes 
a  determination  of  the  conductivity,  and  all  the  values  derived  in  this 
manner  should  agree  perfectly  if  the  data  are  accurate  and  if  the 
assumed  conditions  are  fulfilled — that  is,  if  the  isothermal  surfaces  are 
parallel  planes,  and  if  c  and  k  are  constant  throughout  tlie  material. 

These  conditions,  however,  are  not  strictly  fulfilled,  and  the  first 
thing  to  be  tested  is  how  far  the  difibrent  determinations  agree,  and 
to  learn  accordingly  how  far  the  theory  may  be  applied.^ 

This  difficult  and  laborious  test  has  been  applied  by  Lord  Kelvin 
to    the    observations  of  Professor  Forbes-  on    thermometers   buried 

*  This  method  (Sir  William  Thomson,  Trans.  lioi/.  Soc.,  Eklin.,  vol.  xxii.  p.  405) 
difFers  from  that  followed  by  Forbes  in  substituting  the  consideration  of  the  sej)arate 
terms  of  a  complex  harmonic  function  for  the  examination  of  the  whole  variation 
unanalysed,  which  he  conducted  according  to  the  plan  laid  down  by  Poisson.  This 
plan  consisted  in  using  the  formula  for  a  simple  harmonic  variation,  as  apjiroxi- 
mately  applicable  to  the  actual  variation.  At  great  depths  the  amplitudes  of  the 
second  and  higher  terms  of  the  complex  harmonic  series  become  so  much  reduced 
that  they  do  not  sensibly  influence  the  variation,  which  may  consequently  be  expressed 
with  sufficient  accuracy  by  a  single  harmonic  term  of  yearly  period  ;  but  at  the 
greatest  depths,  for  which  continuous  observations  had  been  made,  Lord  Kelvin 
found  that  the  second  term  had  a  very  sensible  inHuence,  and  the  third  and  fourth 
terms  were  by  no  means  without  effect  on  the  variations  at  3  and  6  feet  from  the 
surface. 

-  Forbes,  Trans.  Bay.  Soc ,  Edin.,  vol.  xvi.,  i>art  ii.,  1846. 
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Much  vahiable  information  concerning  the  obseri'ations  which 
have  been  made  on  the  rate  of  increase  of  underground  temperature 
downwards  is  contained  in  the  Ivcports  of  the  Committee  of  the  British 
Association  appointed  for  this  purpose.  A  summary  of  the  resulii 
contained  in  the  first  fifteen  Reports  (lJ<G8-81)  has  )yeen  drawn  up  by 
Professor  .1.  I>.  Kverett,  the  Secretary  to  the  Committee,  in  which  the 
general  (piestions  affecting  such  observations  are  discusseil.  Two 
kinds  of  tlicrmometers  have  been  used — slow-acting  thermometer? 
and  maximum  thermometers.  A  sh)w  acting  thermometer  consists  of 
an  ordinary  thennometer  having  its  bulb  embedded  in  stearine  or 
tallow,  the  whole  instrument  being  hermetically  sealed  within  a  glass 
jacket.  Those  were  placed  in  holes  a  few  feet  deep  bored  in  newly- 
opened  rock,  such  as  is  presented  in  mine  works  or  tunnels.  The  holes 
were  carefully  plugged  and  made  air-tight  to  exclude  the  influence  of 
the  external  air.  After  the  lapse  of  a  few  days  the  thermometers 
were  withdrawn  and  read,  the  slow  action  |)ermitting  this  to  be  done 
without  any  appreciable  change  taking  place  in  its  indication  during 
the  operation.  The  maximum  thermometers  employed  were  of  two 
types, — the  IMiillips  and  the  Inverted  Negretti, — both  being  sealed  in 
strong  glass  jackets  to  prevent  the  bidbs  from  being  affected  by  pres- 
sure when  lowered  to  a  great  depth  in  water. 


at  different  depths  and  in  different  soils  near  Edinburgh,  and  the  ' 
analysis  has  proved  that  serious  discrepancies  from  the  theoretie 
formula  existed,  but  these  appeared  to  be  attributable  rather  to 
irregularities  in  the  form  and  constitution  of  the  surface  than  to  viria> 
tions  in  the  conductivity  and  specific  heat  of  the  materiaL  Probably 
also  thermometric  errors  considerably  influenced  the  results,  ance 
there  was  necessarily  some  uncertainty  in  the  corrections  which  must  be 
applied  to  the  stem  in  order  to  estimate  the  temperature  of  the  btilb. 
The  following  table  contains  the  final  results,  the  unit  of  length 
being  one  foot : — 
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The  thermo-electric  method  of  Becquerel  was  also  tested  by  Dr. 
Everett,  and  from  the  result  of  some  laboratory  experiments  it  was 
concluded  that  the  method  could  not  be  relied  on  to  yield  satis- 
factory results.  The  following  table  contains  some  of  the  results, 
the  depth  stated  in  each  case  being  that  of  the  deepest  observation 
utilised  : — 


Depth  in 
Feet. 

Feet  for 

1*F. 

Bootle  ^^ate^wo^k8  (Liverpool)  . 

1392 

180 

Przibram  Mines  (Bohemia) 

1900 

126 

St.  Gothard  Tunnel »          .         .         .         . 

5578 

82 

Mont  Cenis  TunneP 

5280 

79 

Blast  Manchester  Coal-field 

2790 

77 

Paris  Artesian  Wells 

1312 

56-7 

London  Artesian  Wells  (Kentish  Town)     . 

1100 

55 

Yakoutsk,  frozen  ground  (Siberia) 

540 

52 

Sperenber^,  bonng  in  salt  (Berlin) 

3492 

51-6 

St.  Petersburg,  well  (Russia) 

656 

44 

Carrickfergus,  shaft  of  salt  mine 

770 

43 

i>                »»            »»                  •         • 

570 

40 

Slitt  Mine,  Weardale  (Northumberland)    . 

660 

34 

Interesting  observations  have  been  made  in  a  very  deep  bore 
(4500  feet)  in  Wheeling,  West  Virginia,  by  Mr.  Hallock.*  Be- 
ginning at  a  depth  of  1591  feet  (the  upper  portion  of  the  bore  was 
cased  with  iron  tubes),  the  first  244  feet  showed  a  gradient  of  1°F.  in 
92  feet,  the  next  651  feet  gave  1°  in  84*5  feet,  the  next  746  feet  gave 
1"*  in  80-6,  the  next  643  feet  gave  V  in  62*4,  and  the  next  587  feet 
gave  r  in  581.  The  mean  gradient  for  the  whole  2871  feet  (1591 
to  4462)  being  V  F.  in  71*8  feet.  At  a  depth  of  4492  feet  the  mean 
temperature  of  some  water  in  the  bottom  of  the  well  was  found  to  be 
110-36^  F. 

812.  The  General  Equations  of  Conduction. — So  far  we  have 
confined  our  attention  chiefly  to  the  propagation  of  heat  along  bars, 
or  parallel  to  a  single  direction.  The  general  case,  however,  in  which 
the  flow  may  take  place  in  any  manner  may  be  treated  by  a  similar 
method,  and  the  general  equations  which  determine  it  may  be  obtained 
without  further  difficulty.     Thus  if  three  mutually  rectangular  axes 

*  In  the  sixteenth  Report  it  is  mentioned  tliat  these  numbers  were  derived  from  a 
conjectural  correction  for  the  convexity  of  the  mountain  surfaces.  Dr.  Stapflfs 
calculations  lead,  however,  to  the  conclusion  that  a  much  larger  allowance  must  be 
made  under  this  head.  He  deduces  1**  F.  in  85  feet  as  the  average  rate  of  increase 
from  the  surface  above  to  the  tunnel,  and  he  calculates  that  at  a  depth  below  the 
tunnel,  sufficient  to  make  the  isothermal  surfaces  sensibly  plane,  the  increase  is  V  F. 
in  57  -8  feet 

2  W.  Hallock,  American  Journal  of  Science  and  Art,  March,  1892. 
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Fig.  203. 


OX,  OY,  OZ  (Fig.  203)  be  chosen  as  axes  of  reference,  and  if  a  smiD 

rectangular  parallelopiped,  baring 
its  edges  parallel  to  the  axes  d 
reference,  be  considered,  and  if 
the  lengths  of  the  edges  be  &r,  6y, 
hZj  then  confining  our  attentioo  to 

X  the  pair  of  faces  perpendicular  to 

the  axis  OX,  it  is  clear  that  if 
the  temperature  at  the  centnl 
point  of  the  parallelopiped  be  9, 

the  temperatures  of  the  two  faces  under  consideration  will  be 

^-r-i  ,  dr,     and  0-h:j  dr, 

for  dS'dj'  is  the  rate  at  which  the  temperature  changes  parallel  to  the 
axis  OX — that  is,  the  change  of  temperature  per  unit  length  in  this 
direction,  consequently 

is  the  <lifi*erence  of  temperature  between  the  centre  of  the  parallele- 
piped and  either  end.  It  is  of  course  understood  that  the  element  of 
volume  is  taken  .so  small   that  the  temperature   over   each   face  is 

sensibly  uniforn),  and  that  the  rate  of  change  of  temperature  mar 
be  taken  uniform  alonir  each  edi^e. 

The  iiiHux  at  the  tirst  face  per  second  is  consequently 


'/  / 


W. 


-K5//5:'    (  d-l'^bx] 


while  the  ctHux  at  the  opposite  face  is 


,/ 


ie. 


and  hence  it   follows  that  the   diti'erences   between   the   influxes  and 
ertUixes  per  unit  time  for  the  pairs  of  opposite  faces  are 


K  .  .,oi  oi'O'.. 


K  ,  .,5.'  5'/5; 


1  i/'^^r  *   * 
ana  K  ,^ox5yd: 


The  sum  of  these  three  <  plant  it  ies  must  consequently  remain  lodged  in 
the  element,  so  that  if  the  thermal  cajxicity  per  unit  volume  be  c,  thi> 
siun  must  be  equal  to 

«■    ,  0  'd'lO'., 


for  '/^  'If  is  the  rate  of  change  of  temperature  of  the  element that  is, 
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the  change  of  temperature  per  unit  time.  We  have  consequently  the 
general  equation — 

If  the  temperature  has  become  permanent  at  each  point,  so  that  a 
steady  flow  is  established,  we  have  ddjdt  =  0,  and  the  equation  of 
steady  flow  is  therefore 

or,  as  it  is  generally  written. 

To  determine  ^  as  a  function  of  a:,  y,  z,  /,  it  is  necessary  to  know 
the  manner  in  which  the  heat  enters  or  leaves  the  body  at  the  various 
points  of  its  surface — that  is,  we  want  an  accurate  knowledge  of  the 
surface  conditions.  We  might  suppose,  for  example,  that  one  part  of 
the  surface  is  kept  in  contact  with  a  medium  at  uniform  temperature 
6^,  while  the  remainder  of  the  surface  is  kept  in  contact  with  another 
medium  at  a  diflerent  temperature  6,^,  If  0^  be  higher  than  6^  then 
in  the  stationary  state  heat  will  enter  the  surface  in  contact  with  the 
first  medium  and  escape  by  the  surface  in  contact  with  the  second, 
the  quantity  which  enters  being  equal  to  that  which  escapes. 

Thus  if  dn  be  an  element  of  the  normal  to  the  element  of  surface 
<r/S,  and  h^  and  /i.>  the  coefficients  of  exterior  conductivity  for  the  first 
and  second  media,  then  we  have  the  quantity  of  heat  which  passes 
through  ^/S  erjual  to 

and  for  an  element  in  contact  ^nth  the  second  medium  we  have 

an  "    " 

Tliese    equations    express    the    surface    conditions    necessary   to   the 

complete  determination  of  the  flow  of  heat  and  distribution  of 
temperature. 

313.  Isothermal  Surfaces,  Lines,  and  Tubes  of  Flow. — In  the 

general  case  the  temperature  at  any  point  of  a  body  will  Ije  a  function 
of  the  coordinates  ;r,  ;/,  :,  of  the  point  and  of  the  time  /,  so  that  the 
general  expression  for  6  at  any  point  will  be  of  the  form 

Hence,  if  we  write 

Aa  2/,  ',  0  =  a, 

where  a  is  a  constant,  we  obtain  the  locus  of  all  the  points  at  which 
the   temperature  has  the  same  value  a  at  the  time  /.     These  points 
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lie  on  a  surface,  determined  by  the  function  /,  and  named  an 
isothermal  surface  because  it  is  one  of  equal  temperature.  When  the 
flow  has  become  steady  the  temperature  at  any  point  remains  tteidj, 
and  therefore  does  not  involve  the  time.  In  this  case,  then,  tbe 
isothermal  surfaces  are  fixed  in  shape  and  position,  each  separating 
those  parts  of  the  body  which  are  hotter  than  a  certain  tempentore 
from  those  which  are  colder.  In  the  variable  state,  on  the  other 
hand,  the  shape  and  position  of  an  isothermal  surface  corresponding  to 
a  definite  temperature  ^\nll  in  general  vary  with  the  time. 

If  a  system  of  such  surfaces  be  supposed  drawn  within  the  bodr, 
the  temperature  of  each  diifering,  by  1°  suppose,  from  that  whidi 
immediately  precedes  or  follows  it,  the  whole  body  will  then  be 
divided  into  a  system  of  layers  or  shells  such  that  the  temperature  of 
one  face  of  each  layer  exceeds  that  of  the  other  by  1  °,  and  a  flow  of 
heat  will  proceed  through  the  shell  from  the  hotter  face  to  the  colder. 
The  direction  of  the  flow  at  each  face  will  also  be  perpendicular  to  the 
surface,  for  since  the  temperature  is  constant  all  over  each  isothermal, 
it  follows  that  there  can  be  no  flow  along  such  a  smface. 

It  follows  then  that  the  direction  of  the  resultant  flow  at  any 
point  of  a  body  is  along  the  normal  to  the  isothermal  surface  passing 
through  that  point,  so  that  if  a  line  be  drawn  cutting  the  whole 
system  of  surfaces  orthogonally,  the  direction  of  the  flow  at  every 
point  of  this  line  will  be  along  the  line.  For  this  reason  a  line 
drawn  so  as  to  cut  each  of  the  system  of  surfaces  at  right  angles  is 
termed  a  line  of  ffrnv. 

The  whole  bodv  mav  thus  be  imagined  to  be  divided  into  a  svstem 
of  infinitely  thin  shells  by  a  system  of  isothermal  surfaces,  and  the 
infinite  system  of  lines  which  can  be  drawn  cutting  these  shells 
orthogonally  are  the  lines  of  fiow. 

One  property  of  these  systems  is  that  no  two  isothermal  surfaces, 
or  no  two  lines  of  fiow,  can  intei^sect  each  other,  for  no  point  can 
possess  two  different  temperatures  at  the  same  time,  nor  can  the 
flow  at  any  point  be  at  once  in  two  different  directions. 

If  now  we  consider  any  closed  curve  drawn  in  the  body,  say  a 
curve  traced  on  an  isothermal  surface,  and  if  we  imagine  the  line^  of 
flow  passing  through  each  point  of  this  curve  to  be  drawn,  then  these 
lines  will  form  a  tube  having  the  lines  of  flow  lying  in  its  surface. 
Such  a  tube  is  termed  a  tube  of  flow,  and  is  such  that  there  is  no 
flux  of  heat  across  its  walls,  for  it  is  boimded  entirely  by  lines  of 
flow,  and  no  two  such  lines  can  intersect. 

In  the  steady  state  it  is  clear  that  the  total  flow  of  heat  across 
any  isothermal   surface  is   the  same  as  that  across   any  other,  that 
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these  surfaces  cut  the  tubes  of  flow  orthogonally,  and  that  the 
quantity  of  heat  which  crosses  any  section  of  such  a  tube  per  second 
is  the  same  wherever  the  section  be  made.  In  fact,  any  heat  that  is 
once  within  a  tube  of  flow  must  for  ever  remain  within  it,  as  there  can 
be  no  flow  across  its  walls. 

Again,  if  we  take  two  close  isothermal  surfaces,  enclosing  a  thin 
shell,  and  if  we  consider  two  equal  elements  of  area  dS  on  diflerent 
parts  of  the  surface  of  this  shell,  then  if  dd  be  the  difference  of  tem- 
perature between  the  two  faces,  and  •  dn  the  normal  thickness  of  the 
shell  at  one  of  the  chosen  points,  and  dn  that  at  the  other,  the  flows 
of  heat  per  second  through  the  two  elements  will  be 

Q=-K^S,    andQ'=-K^/fS 
an  an 

respectively.     Hence  it  follows  that 

Q_dn^, 

q'~dn  ' 

or,  in  other  words,  the  flow  per  unit  area  at  any  point  of  the  shell  is 
inversely  as  the  thickness  of  the  shell,  so  that  where  the  shell  is 
thinnest  the  flow  is  most  rapid.  In  the  same  way  it  follows,  from  what 
has  been  stated  concerning  tubes  of  flow,  that  the  flow  per  unit  area 
through  any  cross-section  of  a  tube  of  flow  varies  inversely  as  the 
area  of  the  section,  and  combining  these  results,  it  follows  that  the 
tubes  of  flow  are  narrowest  where  the  isothermal  surfaces  are  closest, 
and  lice  versd.  All  this,  however,  follows  at  once  from  our  definitions 
(p.  629). 

In  the  above  equation  we  have  supposed  the  conductivity  of  the 
material  to  be  the  same  at  each  of  its  points ;  if  this  be  not  the  case 
we  have  Q/Q'  =  Kdfi/K'dnj  so  that  the  more  general  statement  will 
be  that  the  flow  per  unit  area  at  any  point  of  a  shell  bounded  by  two 
isothermal  surfaces  is  directly  proportional  to  the  conductivity  and 
inversely  proportional  to  the  thickness  of  the  shell  at  this  point 

Examples 

1.  A  sphere  w  uniformly  heated  and  then  left  to  cool  in  a  medium  of  uniform 
temperature. 

In  this  case  the  isothermal  surfaces  are  a  system  of  concentric  spheres,  and  the 
lines  of  flow  are  right  lines  passing  through  their  common  centre,  while  the  tubes  of 
flow  are  cones  having  a  common  vertex  at  the  centre  of  the  sphere.  The  lines  and 
tubes  of  flow  remain  fixed  while  cooling  proceeds,  but  the  radius  of  the  isothermal 
surface  corresponding  to  a  given  temperature  gradually  contracts,  the  surface  moving 
in  towards  the  centre. 

2.  The  centre  of  a  sphere  is  kept  at  a  constant  temperature  by  a  source  of  heat, 
while  the  lurface  is  immersed  in  a  medium  of  uniform  lower  temperature. 
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In  Example  1  tlie  temperature  at  each  point  gradually  falls,  and  no  state  of 
steady  flow  is  attained.  In  this  case,  however,  there  is  a  supply  at  the  centre,  ud 
a  state  of  steady  flow  from  the  centre  towards  the  surface  is  established.  Here  the 
isothermal  surfaces,  as  before,  are  spheres,  but  now  they  remain  fixed  in  the  bodj, 
and  the  total  quantity  of  heat  that  flows  across  any  surface  per  second  is  the  same  u 
that  which  flows  across  any  other.  Supposing  the  conductivity  uniform,  we  biie 
for  this  quantity 

and  since  Q  is  the  same  for  all  values  of  r,  we  have 

M 

dr 
where  a  is  a  constant. 

Hence 

which  gives  the  tenii>erature  at  any  distance  r  from  the  centre. 

3.  Two  surfaces  of  a  uniform  spherical  shell  are  kept  at  constant  temperatures  0^, 
and  $2. 

Let  the  radii  of  the  two  surfaces  be  rj  and  r.2.  Then  the  temperature  at  wy 
intermediate  distance  /-  is  given  by  the  equation  of  Example  2.  The  constants  a 
and  b  are  determined  by  the  two  surface  conditions — 


Therefore 

e  =1  +  1       and  6^=^  +  6. 
r,                       2     ra 

consequently 

0^ 

r.2-f\     '              n-rj     ' 
/',-  r.A    ^                              r           J 

while  the  (jujintity  of  heat  wliieh  flows  across  any  isothermal  surface  ]>er  second  i> 
AirKfi,  and  the  same  ([uantity  of  heat  would  How  per  second  through  an  area  4Tr  of 
a  wall  of  the  same  thickness  as  the  shell  and  having  its  faces  at  the  same  diflerence 
of  tenii)eratuie  (^i  -  <?o),  if  /'  is  the  geometric  mean  of  rj  and  r.2. 

4.  The  internal  and  external  surfaces  of  a  long  hollow  circular  cylinder  are  kept 
at  fixed  temperatures  0^  and  0-:. 

In  this  ease  the  isothermal  surfaces  are  coaxial  cylinders,  and  the  tubes  of  flow 

are  wed«;es  having  their  edges  on  the  axis  of  the  cylinder.     The  cross-section  of  any 

one  of  these  wedges  by  a  plane  i)arallel  to  its  edge  is  a  rectangle  of  constant  length. 

and  a  breadth  which  varies  directly  as  the  distance  from  the  axis.     The  area  of  the 

section  consequently  varies  directly  as  its  distance  from  the  axis,  and  therefore  the 

flow  per  unit  area,  in  the  steady  state,  varies  inversely  as  the  distance.     Taking  K 

constant,  the  equation  of  flow  may  therefore  be  written  in  the  form,  if  the  inner  sur- 

face  be  hottest, 

_d0_a 

where  "  is  a  constant ;  and  hence 

$  =  -  a  log  r  T  b. 

The  constants  a  and  b  are  determined  by  moans  of  the  surface  conditions 

e^-  -a  log  i\ -f  ft,     and  B.^,  =  -  o  log  To  +  b. 
So  that 
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The  temperature  at  any  distance  r  is  consequently  given  by  the  equation — 

log(>-i/r2)    ^  log  (r^/r^) 

or 

^ ^ Bi  log  (//rg)  -  ^2  log  (r/r, ) 

log  Cn/r^) 

The  quantity  of  heat  which  Hows  per  second  across  a  leifgth  I  of  the  cylinder  will  be 

ar 

_  2y K/(^,  -  go) 
log(r2,/ri) 

If  e  be  the  thickness  of  the  cylinder,  we  have  e  =  rg-  r^,  and  hence 

if  «  be  small.     Hence  for  a  thin  cylindrical  tube  of  radius  r  we  have  approximately 

Q  =  2TKZ(gi  -  d^)-. 

On  the  Conductivity  of  Crystals 

314.  Propagation  of  Heat  in  ^olotropic  Substances. — In  the 

previous  investigations  we  have  had  under  consideration  the  propaga- 
tion of  heat  in  isotropic  substances — that  is,  in  substances  possessing 
the  same  physical  chai*acteristics  not  only  in  every  part,  but  also  in 
every  direction  around  any  point.  When  heat  is  supplied  at  any 
point  of  an  isotropic  body,  the  flow  takes  place  equally  in  all  directions 
around  the  point,  and  the  isothermal  surfaces  are  concentric  spheres 
surrounding  the  heated  point  as  centre.  On  the  other  hand,  when  any 
point  of  a  heterogeneous  substance  is  heated,  the  flow  of  heat  in  any 
direction,  and  the  shape  of  the  isothermal  surfaces,  will  depend  upon 
the  characteristics  of  the  substance,  or  the  manner  in  which  its  physical 
properties  vary  from  j^oint  to  point  and  from  one  direction  to  another. 
If  the  substance  be  homogeneous,  however,  but  not  isotropic,  then, 
although  its  properties  may  be  different  in  different  directions  around 
any  point,  yet  the  properties  of  the  substance  along  any  line  are  the 
same  as  those  along  any  jmrallel  line,  so  that  when  any  two  points  are 
compared,  the  thennal  conductivity  and  other  properties  of  the  sub- 
stance along  any  line  drawn  from  one  point  will  be  the  same  as  along 
a  parallel  line  drawn  through  the  other.  It  follows,  therefore,  that 
when  any  point  of  a  homogeneous  substance  is  supplied  with  heat,  the 
isothermal  surfaces  around  it  will  be  independent  of  the  position  of 
the  point ;  or,  in  other  words,  those  around  one  heated  ix)int  will  be 
similar,  and  similarly  situated,  to  those  around  any  other  point.     We 
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shall  see  immediately  that  in  general  these  surfaces  are  systems  of 
similar  ellipsoids,  which  become  spheres,  as  a  particular  case,  when  the 
substance  is  isotropic. 

The  first  experiments  which  established  a  difference  of  conducUvity 
in  different  directions  seem  to  be  those  of  MM.  de  la  Rive  and  de 
CandoUe.^  These  philosophers  proved  that  wood  conducted  heat  along 
the  fibre  better  than  at  right  angles  to  it,  and  this  conclusion  has  been 
confirmed  by  the  subsequent  investigations  of  Tyndall  ^  and  Knoblauch.' 
The  conductivities  in  different  directions  were  compared  by  the  method 
adopted  by  Despretz  (Art.  302),  blocks  of  wood  being  cut  with  pain 
of  opposite  faces  perpendicular  to  the  fibre,  parallel  to  the  fibre,  and 
perpendicular  to  the  ligneous  layers,  and  parallel  to  both  the  filffe 
and  the  ligneous  layers,  respectively.  In  all  cases  the  conductivity 
was  best  along  the  fibre  and  worst  in  the  direction  perpendicular  to 
the  fibre  and  the  ligneous  layers — that  is,  along  the  radius  from  the 
centre  to  the  bark  of  the  tree.  The  following  table,  selected  from 
Tyndall's  results,  will  give  an  idea  of  the  difference  of  conductivity  in 
the  three  mutually  perpendicular  directions  just  mentioned.  The 
numbers  refer  to  the  deflections  of  the  galvanometer  used  in  the 
experiments : — 


Nann'  of  W<.K>I. 


Oiik  .     . 
Beecli 
BoxvvockI 
Ash    .     . 
A]>ple-tree 
Scotch  Fir 


rural  lei  to 

Peri>.  to  Fibre 
nuil  Purallel  to 

Perp.  to  Fibre 
and  to 

Fibre. 

Lijfneons 
Fjiyt'rs. 

Ligneous 
Layers. 

:U 

11-0 

9T, 

33 

10-8 

S'S 

31 

12-0 

9-9 

27 

1 1  •') 

9-5 

2f» 

12 -f) 

100 

2'2 

12-0 

10-0 

A  similar  difference  of  conductivity  along  and  perpendicular  to  the 
planes  of  cleavage  of  laminated  rocks  Avhich  are  not  crystallised  has 
been  detected  by  Jannettaz/  the  conductivity  being  best  parallel  to 
the  planes  of  cleavage  an<l  worst  perpendicular  to  them.  The  same 
difference  along  and  perpendicular  to  the  planes  of  cleavage  of  bismuth 
has  also  been  foimd  by  Svanberg  and  Matteucci.  This  difference  in 
the  case  of  laminated  rocks  sliows  that  underground  temperatures  may 
be  considerably  modified  by  the  inclination  of  the  strata  to  the  horizon. 

*  De  hi  Riv(^  and  de  Candolle,  ItibJiothequt:  Univ^rscUt-  (k  Gentre,  torn,  xxxix. 

-  Tynihill,  /'A//.  Maif.,  4th  Series,  vols.  v.  and  vi.  ;  and  Hea4  n  Afotfe  of  Motum. 
^  KnoMaueh,  Po'jih  Ann.,  vol.  cv.  ]».  62:J. 

*  Kdoiiard  .]ann«'ttaz,  Journal  tie  Physiqve,  torn.  v.  p.  150  ;  and  Ann.  de  Chimin, 
4<^,  toni.  xxix.  J).  r>,  1873. 
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315.  Experiments  of  M.  de  Senarmont. — The  first  extended  experi- 
mental investigation  of  the  conductivity  of  crystals  was  that  of  M.  de 
Senarmont.^  The  method  adopted  consisted  in  cutting  a  thin  plate, 
with  parallel  faces,  in  any  desired  direction  from  the  crystal.  The 
surfaces  of  the  plate  were  coated  with  a  thin  film  of  white  wax,  and 
heat  was  applied  at  one  point,  from  which  it  was  conducted  in  all 
directions  through  the  plate.  As  the  plate  became  warm  the  wax 
melted  around  the  point,  and  the  inequalities  of  conductivity  in 
different  directions  were  indicated  by  the  shape  of  the  bounding  line 
of  the  melted  wax. 

In  the  case  of  isotropic  substances,  such  as  glass  or  cubic  crystals, 
this  curve  was  always  a  circle,  and  it  was  also  a  circle  when  the  plate 
was  cut  in  certain  directions  from  crystals  which  did  not  belong  to 
the  cubic  system,  but  in  general  with  a  plate  cut  in  any  other  direction 
from  a  crystal  the  curve  was  elliptical,  or  at  least  an  oval  curve  very 
approximately  an   ellipse.     This  line   remained  visible  on    the    wax 


Fig.  204. 

after  the  plate  had  cooled,  and  its  eccentricity  and  the  position  of 
the  axes  of  the  curve  could  be  determined.  It  would  thus  appear 
that  the  isothermiil  surfaces  around  a  heated  point  of  a  crystal  are  in 
general  a  system  of  concentric  ellipsoids. 

It  was  also  found  that  the  axes  of  these  ellipsoids,  or  the  thermic 
axes,  coincided  with  the  crystallographic  axes  of  symmetry,  so  that,  for 
example,  in  crystals  of  the  cubic  system  the  propagation  of  heat  took 
place  as  in  uncrystallised  media,  and  in  crystals  of  the  rhombohedral 
system  the  axis  of  the  crystal  was  an  axis  of  thermic  symmetry,  the 
isothermal  surfaces  being  ellipsoids  of  revolution  around  it.  It  was 
found  in  this  manner  that  quartz  and  calc-spar  conduct  heat  best  along 
the  axis  of  symmetry,  and  equally  in  all  directions  perpendicular  to 
this  axis,  while  idiocrase  and  tourmaline  conduct  heat  best  at  right 
angles  to  the  axis. 

One  method  of  heating  the  crystalline  plate  is  shown  in  Fig.  204. 
A  small  hole  having  been  drilled  through  the  plate  AB,  a  copper  or 

*  De  Seuarmout,  An».  ife  Chimic  et  (k •  Fhysiqite^   3«,  tonis.   xxi.   xxii.  xxiii., 
1847-48. 
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silver  wire  (being  good  conductors)  was  passed  through  it,  and  the 
lower  portion  MN  was  bent  at  right  angles  and  heated  by  a  lamp,  tbe 
direct  radiation  of  the  lamp  being  carefully  screened  off.  The  wire 
soon  becomes  heated,  and  being  a  good  conductor,  .the  heat  is  carried 
to  the  plate,  the  wax  melts  around  the  hole,  and  an  isothermil 
line  corresponding  to  the  melting-point  of  the  wax  is  left  imprinted 
on  it. 

In  M.  de  »Senarmont's  experiments  it  was  not  a  simple  wire  that 
was  used,  but  a  fine  silver  tube,  so  that  when  it  became  heated  an 
ascending  current  of  hot  air  flowed  through  it,  and  heat  was  carried 
to  the  plate  both  by  the  conduction  of  the  metal  and  by  the  con- 
vection of  the  lieated  air.  Two  other  methods  of  heating  the  plate 
were  also  employed.  In  one  the  rays  of  the  sun  were  concentrated  by 
a  lens  of  short  focus  to  a  point  on  the  surface  of  the  plate,  and  in  the 
other  a  wire  was  passed  through  the  hole  and  heated  by  an  electric 
current.  The  former  method  i>ossesses  an  advantage  in  that  the 
drilling  of  a  hole  is  avoided,  and  no  discontinuity  is  introduced  into 
the  [)late,  and  in  the  latter  method  caution  is  necessary  in  heating  the 
wire,  for  if  the  temperature  be  raised  too  suddenly  the  plate  may  be 
fractured. 

When  the  plate  is  fairly  thick,  and  heated  by  a  wire  passing 
through  a  hole  at  right  angles  to  its  faces,  the  ciu'ves  on  its  two  faces 
are  in  general  not  true  ellipses,  but  egg-shaped  ovals,  such  as  .are  shown 
in  Fig.  205,  having  their  more  obtuse  ends  turned  in  opj)Osite  direc- 
tions on  the  two  faces.  This  arises  from  the  fact  that  the  plate  is  not 
heated  at  a  single  point,  but  along  a  line,  and  Avhen  the  source  of  heat 
is  a  line,  the  curves  on  the  two  faces  will  be  similar  ellipses  only  when 
the  line  is  in  the  direction  of  the  diameter  of  the  thermic  ellipsoid, 
which  is  conjugate  to  the  direction  of  the  faces  of  the  plate.  This 
{)oint  will  be  brought  out  in  the  theoretical  investigation  which 
follows. 

More  recent  experiments  by  Von  Lang  ^  and  Jannettaz  have 
extended  to  a  great  number  of  crystals  the  results  obtained  bv  De 
Seuarmout,  but  they  have  brought  to  light  no  new  or  more  general 
relations. 

A  determination  of  the  absolute  conductivities  of  crystals  in 
ditferent  directions  has  been  recently  made  by  Mr.  C.  H.  Lees,- 
acconling  to   a  plan  suggested  by  Sir  Oliver  Lodge.^     This  method 

*   Viftor  Von;;  L.in<;,  I'>>'jij'  Ann.,  vol.  cxxxv.  ji.  29,  lvS68. 

-  CliaiK's  H.  L«H-s,   M'^iiinlrs  ond  Fror.  of  thr  Mnuchster  Phil,  and  Lit.  Soc.,  vol. 
iv.  )).  17,  ISiKj-iU  ;   /VnV.   Tran^.,  Ls92. 

•'  0.  .1.  Lodge,  rhtL  Mn,i.  if).,  vol.  v.  p.  110,  1878. 
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consists  in  placing  a  slice  of  the  crystal  between  the  ends  of  two  bars 
of  metal  placed  end  to  end  with  their  lengths  in  the  same  straight 
line.  The  crystalline  lamina  thus  forms  part  of  a  compound  bar 
which  may  be  treated  experimentally,  either  by  the  method  of  Forbes 
or  by  that  of  Angstrom. 

In  order  to  secure  good  contact  between  the  bars  and  the  crystal, 
a  metal  (brass)  was  .used  which  would  amalgamate,  and  the  contact 
given  by  the  amalgamated  ends  was  found  to  be  extremely  good. 
The  temperature  curve  along  the  bars  was  determined  by  means  of 
thermo-electric  couples  of  iron  and  German  silver  soldered  into  the 


Fig.  206. 

bars.  The  compound  bar  was  packed  in  sawdust,  and  one  end  was 
heated  by  steam,  while  the  other  was  immersed  in  cold  water.  When 
the  temperature  curve  was  plotted,  the  value  of  dSjdz  could  be 
determined  for  each  face  of  the  crystalline  plate ;  ^  and  when  the 
absolute  conductivity  of  the  brass  bars  is  known,  that  of  the  crystal 
can  be  deduced.  The  absolute  conductivity  of  the  brass  was  determined 
by  Forbes's  method. 

316.  Theory  of  Conduction  in  Crystals. — The  theory  of  thermal 
conduction  in  crystalline  media  was  attacked  as  early  as  1828  by 
Duhamel,'*-'  who  from  the  hypothesis  of  molecular  radiation  deduced 
the  general  expressions  for  the  flow  of  heat,  and  subsequently  ob- 
tained a  number  of  general  consequences  which  applied  directly  to 
the  experiments  of  M.  de  Senarmont.  In  1851  the  theory  was  pre- 
sented by  Stokes^  in  a  form  independent  of  any  hypothesis  of 
molecular  radiation,  the  only  assumption  made  being  the  general  one 
that  the  quantity  of  heat  is  conserved,  and,  by  means  of  an  auxiliary 
solid,  problems  relating  to  crystalline  conduction  were  reduced  to 
corresponding  problems  concerning  isotropic  bodies. 

Thus  if  we  consider  the  flow  of  heat  across  an  elementary  plane 
area,  drawn  in  a  given  direction,  through  any  point  P  of  the  body,  then 
if  /  be  the  flux  of  heat  per  unit  area,  per  second,  across  this  plane,  the 

*  A  correction  for  the  thin  layer  of  mercury  between  the  metal  and  the  crystal 
was  determined  by  a  special  exjieriment. 

-  Duhamel,  Journal  de  V^ofe  Polytechnique,  toms.  xxi.  xxxii.  See  also  Lame, 
Lc4^oa9  8ur  la  Thtoric  Anahjtique  de  la  ChalniVy  Paris,  1861. 

^  G.  G.  Stokes,  Cambridtje  ami  Dublin  Matheniatical  Journal^  vol.  vi.  p. 
215,  1851. 
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flow  across  the  element  dS  in  the  time  dt  will  be  f.dS.dt,  and  the  vihe 
of  /  will  depend  on  the  direction  in  which  the  plane  is  drawn,  and 
also  on  the  time  and  the  position  of  the  point.  For  the  present  we 
shall  consider  the  time  and  position  given,  so  that/  will  depend  onir 
on  the  direction  of  the  plane. 

Let  three  rectangular  planes  of  reference  be  chosen,  and  let/^/^/i 
be  the  fluxes  across  them.  Then  if  the  element9,ry  plane  dS  be  sap- 
posed  to  approach  indefinitely  close  to  the  origin,  it  will,  with  the 
planes  of  reference,  enclose  a  small  tetrahedron  whose  faces  are  (iS, 
XdSf  /i^S,  v(/S  respectively,  where  A,  /z,  i^  are  the  direction  cosines  d 
the  normal  to  rfS.  Now  if  the  steady  stage  has  been  reached,  as 
much  heat  flows  into  this  tetrahedron  as  flows  out ;  and  even  if  the 
stage  has  not  been  attained,  the  diflerence  between  what  flows  in 
and  what  flows  out  will  be  vanishingly  small  compared  with  either, 
for  it  is  proportional  to  the  thermal  capacity  of  the  element 
and  the  rate  of  rise  of  temperature,  but  the  former  is  proportionil 
to  the  cube  of  the  linear  dimensions  of  the  element  of  volume, 
whereas  the  fluxes  across  the  faces  vary  as  their  areas  or  the  squares 
of  the  linear  dimensions.  We  may  therefore  equate  the  sum  of  \h% 
flows  across  any  three  faces  to  that  across  the  fourth,  so  that  we  have 
the  flow  f.dS  per  second  across  the  base  rfS  equal  to  the  sum  of  the 
flows /a:.A(/S,/„./i//S,/7.i'rfS  across  the  other  faces;  or 

This  equation  shows  that  if  the  fluxes  of  heat  across  the  planes  of 
reference  be  represented  l)y  three  vectors,  as  in  the  case  of  forces  or 
velocities,  the  flux  across  any  otlier  plane  will  be  represented  by  the 
sum  of  the  resolved  parts  of  these  vectors  along  the  perpendicular  to 
the  plane.  For  some  plane  through  P  the  flux  of  heat  is  gre;\ter  than 
for  any  other,  and  the  flux  of  heat  across  any  other  plane  is  this 
maximum  flux  multiplied  by  the  cosine  of  the  angle  between  the  planes. 
Let  6  be  the  temperature  at  P,  and  let  us  consider  an  elementary 
paralh'lopiped  of  sides  <S./-,  8//,  6:.  The  flow  of  heat  per  second  throiigii 
the   face   ^i/S:    is  /j..3//8:,   and   the   flow  through  the  opposite  face  is 

?  f 
(fj.  +  j^f^r)6y6:,  and  so  on  for  the  other  pairs  of  faces,  so  that  the  gain 

of  heat  per  second  is 

\  (I. I      1 1 II     (ti  j 

But  if  tlie  rate  of  change  of  temperature  l)e  di)dt^  and  if  the  thermal 
capacity    per  unit   volume  be  f,  this   must  be  equal  to  c^hj^d^ M 

and  we  have 

df^    df„    (f/:  lie  .,,• 

ih:      dti      di  dt 
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These  formulae  are  perfectly  general,  and  apply  whether  the  substance 
be  homogeneous  or  not.  We  shall  now  suppose  the  material  homo- 
geneous, and  that  c  is  constant. 

At  this  point  a  distinct  assumption  is  made — namely,  that  the  flow 
of  heat  at  P  depends  not  on  the  absolute  temperature,  but  only  on  the 
variation  of  temperature  in  its  vicinity.  In  fact,  it  is  assumed  that  the 
flux  across  any  plane  is  a  linear  function  of  the  rates  of  change  of 
temperature  d6;d.r,  ffO/dy,  dO/dz,  parallel  to  the  axes,  so  that  we  may 
write 

.      de    ^de      d$ 
-^'^'''Tj'^^'dh/'^'dz 

.      de    .de  ^     d0\  ,„v 

.      de    ^de      d$ 
-^'^''^dx'^  ^^di/'^^Tz) 

Substituting  these  values  of /p,  /,^  /^  in  equation  (2)  we  have 

^d^  +  ^^^  -^  'l?^^fdydz^%zd.^'^'d^dv  =  'dt'      •      ^'^ 

where  a  =  a„  2/  =  yg  +  ^3,  etc. 

Now  there  is  a  certain  set  of  rectangular  axes — namely,  the  axes  of 
the  quadric — 

aj^-hbi/^-\-cz^-\-2/yz  +  2gzx  +  2hxy=\  ...         (5) 

for  which  the  equation  (4)  takes  the  form 

^(P0    ^(fie    ^d^e    de  ,(>. 

A^.4-B^^  +  C^^,  =  c-  ....         (6) 

for  if  new  axes  of  reference  Ox\  O//,  O^'  be  chosen,  making  angles  with 
the  old  axes  Ox,  Oy,  O^",  whose  direction  cosines  ai-e  /,  w?,  n ;  T,  m\  n  ; 
/",  m'\  n  ;  then 

ar'  =  /.r  +  uiy  +  7iZj 

and 

d        d  d         d 

dx       dx        dy      dz 

and  since  the  symbols  of  differentiation  combine  with  each  other 
according  to  the  same  law  as  factors,  it  follows  that  the  equation  (4) 
will  be  transformed  by  a  change  of  axes  exactly  as  if  the  symbols  of 
differentiation  were  replaced  by  co-ordinates  a:,  y,  z.  When  the  prin- 
cipal axes  of  the  surface  (5),  or  any  three  conjugate  diameters  of  it, 
are  taken  as  the  axes  of  reference,  the  equation  (4)  takes  the  form  (6). 
These  axes  are  termed  the  thermic  axes  of  the  crystal. 

Taking  the  thermic  axes  as  the  axes  of  co-ordinates,  the  general 
jexpressions  (3)  for  the  flux  of  heat  become  simplified.     The  expressions 

2X 
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(3)  for/r,  /y,  ft  contain  nine  arbitrary  constants  ;  but  when  we  wV 
stitute  (2)  and  compare  the  result  with  (6)  it  follows  at  once  tint 
jSj  =  -  a^  y,  =  -  «3»  72  =  ~  Ps»  ^  ^^^  ^^®  expressions  may  be  writta 
in  the  form 

*'  (Lr.        dy         dz 

"-^'=     ^dS^%~^d'z'       '  '  •        • 

•^  djr        dy        dz 

If  the  substance  be  symmetrical  with  respect  to  two  rectanguk 
planes,  the  coefficients  F,  G,  H  must  vanish,^  for  the  planes  of  symmctiy 
must  contain  the  thermic  axes,  and  if  these  planes  be  taken  as  those 
of  a*^  and  y^r,  the  expression  for  /^  must  change  sign  with  x,  while  /,  and 
fz  remain  unaltered.  Similarly /^  must  change  sign  with  y,  whflc/, 
and  fz  remain  unaltered,  and  referring  to  equation  (7)  this  requires  F, 
G,  H  to  vanish,  so  that 

^'='^d-^:    f'^   '^dy\f^^'^dz        '  '         •        '^' 

The  constants  A,  B,  C  are  thus  the  conductivities  of  the  substance  in 
the  directions  of  the  thermic  axes,  and  are  termed  the  principal  con- 
ductivities of  the  crystal. 

Now,  in  the  case  of  an  isotropic  substance  the  equation  which 
determines  the  distribution  of  temperature  is  (Art.  312) 

..(d'O   d'd   (Pe\     de 

\ii.i-    ihr     dz'J       dt 

and  eciuation  ((>)  which  applies  to  a  crystalline  body  Mill  be  trans- 
formed into  an  equation  of  the  same  form  as  (9)  if  the  co-oixiinat« 
./•,  //,  :  be  altered  in  the  ratios  n^\  K,  x^B.K,  and  /v^C/K  respectively, 
DerivtMi  or  (D)  will  be  transformed  into  (G)  by  altering  the  co-ordinates  in  the 
solid.  inverse  ratio.  And  if  we  take  K-^=ABC,  any  volume  of  one  will 
be  strained  by  this  transformation  into  an  equal  volume  of  the 
other.  Hence  the  distribution  of  temperatiu-e  in  an  isotropic  solid 
arising  from  any  given  conditions  of  heat-supply  at  one  or  more 
points,  being  determined,  the  corresponding  distribution  and  the 
isothermal  surfaces  in  a  crysUd  may  be  deduced  by  straining  the 
co-ordinates  in  the  manner  just  indicated. 

Thus   if  heat   be   supplied   at   one   point   of   an    infinite    isotropic 
solid  according  to  any  law,  the  isothermal  surfaces  will  be  spheres, 

^  Stokos,  in  the  juiper  refene«l  to,  gives  reasons  for  the  supjjosition  that  F.  G,  H 
vanish  in  the  general  case. 
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and  if  the  source  be'  taken  as  the  origin  of  co-ordinates,  any  one  of 
these  spheres  will  be  given  by  the  equation 

x2  +  //24^:»=r2 (10) 

where  r  is  the  radius  of  the  sphere.  This  surface  becomes  strained  by 
the  above  transformation  of  co-ordinates  into  the  ellipsoid 

t:^ir    ^""^r^ (11) 

A^B^C     K 

which  is  the  corresponding  isothermal  surface  in  a  crystal,  the  axes  of 
reference  being  taken  in  the  directions  of  the  thermic  axes  of  the 
crystal. 

Hence  in  an  infinite  crystalline  medium,  if  heat  be  introduced  at 
a  single  point,  the  isothermal  surfaces  will  be  a  system  of  concentric 
and  similar  ellipsoids,  the  axes  of  any  one  of  which  are  directly  pro- 
portional to  the  square  roots  of  the  three  principal  conductivities  of 
the  substance.  Again,  in  the  isotropic  medium  the  flow  of  heat  at  any 
point  takes  place  along  the  radius  of  the  sphere,  and  varies  inversely 
as  the  distance  from  the  source,  and  the  same  result  holds  in  the 
crystal.  The  flow  across  any  plane  touching  the  thermic  ellipsoid  is 
consequently  in  the  direction  conjugate  to  that  plane. 

Now,  if  an  infinite  isotropic  plate  be  considered,  and  if  heat  be 
supplied  at  any  point  or  any  number  of  points  along  a  normal  to  the 
plate,  the  isothermal  surfaces  will  be  surfaces  of  revolution  round  the 
normal,  and  the  isothermal  curves  on  tlie  face  of  the  plate  will  be 
circles.  Hence,  if  a  corresponding  crystalline  plate  be  heated  at  any 
point  or  at  any  number  of  points  along  a  line  (the  line  of  sources) 
taken  in  the  direction  conjugate  to  the  faces  of  the  plate  with  respect 
to  the  thermic  ellipsoid  (11),  any  particular  isothermal  surface  will  be 
the  surface  generated  by  an  ellipse  moving  with  its  plane  parallel  to 
the  faces  of  the  plate,  its  centre  on  the  line  of  soui*ces,  and  its  principal 
axes  parallel  and  proportional  to  those  of  the  ellipse  in  which  the 
thermic  ellipsoid  is  cut  by  a  plane  parallel  to  the  faces. 

In  the  particular  case  in  which  the  faces  of  the  plate  are  cut  {)arallel 
to  the  circular  sections  of  the  thermic  ellipsoid,  the  isothermal  curves 
on  the  faces  will  be  circles,  but  the  line  joining  the  centres  of  the 
systems  on  the  two  faces  will  not  be  normal  to  the  faces.  In  order, 
then,  to  procure  ellipses  on  the  faces  of  a  plate  in  De  Senarmont's 
experiment,  it  is  necessary  that  the  hole  in  the  plate  should  be  drilled 
in  the  direction  conjugate  to  the  faces  with  respect  to  the  thermic 
ellipsoid. 

In  the  same  manner  when  a  crystalline  bar  is  heated  at  one  end, 
the  isothermal  surfaces  are  not  planes  at  right  angles  to  the  length  of 
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the  bar,  but  are  planes  parallel  to  the  diametral  plane  of  the  thennk 
ellipsoid,  which  is  conjugate  to  the  direction  of  the  length  of  the  bar. 
Again,  the  flow  of  heat  across  any  element  of  area  in  the  crystal  is 
equal  to  the  flow  across  the  corresponding  element  of  the  derived  isc 
tropic  solid.     For  the  flow  across  an  element  of  area  dydz  perpendicular 

to  the  axis  of  ./*  in  the  crystal  is   -  A^-j-dt/dZy  and  if  K^  =  ABC,  this  is 

equal  to  the  flow  across  the  corresponding  area  in  the  derived  solid. 

If  we  denote  by  i\^,  A^,  A^,  the  differences  between  the  expressions 
(7)  and  (8),  we  have 

dx       dy      dz       ' 

which  is  analogous  to  the  equation  of  continuity,  of  an  incompressihk 
fluid. 


SECTION   II 


ox    THE   CONDUCTIVITY  OF   FLUIDS 


317.  Conductivity  of  Liquids — Despretz's  Method. — When  the 
lower  strata  of  a  liquid  are  heated  expansion  occurs,  and  the  consequent 
diminution  of  density  causes  the  heated  portions  of  the  liquid  to  rise 
to  the  surface,  while  the  colder  parts  sink  to  the  bottom.  In  this 
manner  convection  currents  are  set  up  which  transport  the  heat 
from  one  part  of  the  licjuid  to  another,  and  tend  to  bring  about  a 
uniformity  of  temperature  throughout  the  mass.  On  the  other  hand, 
when  the  upper  surface  of  the  liquid  is  heated  the  warmer  layers 
remain  in  sifu,  and  the  lower  strata  can  become  heated  only  by  radia- 
tion and  conduction  proper,  or  by  the  process  of  diffusion  or  molecular 
convection — that  is,  by  the  individual  molecules  of  the  liquid  ])ecoming 
heated  at  the  top  and  afterwards  travelling  into  the  lower  strata, 
carrying  their  heiit  with  them,  and  gradually  parting  with  it  to  the 
colder  molecules  below  l>y  radiation  or  by  contact,  or  by  both  processes 
simultiineously. 

When  heat  is  supplied  at  the  upper  surface  of  a  liquid  the  flow  of 
heat  (lownwaixls  is  in  general  exceedingly  slow,  except  in  the  case  of 
mercury  or  other  metals  in  the  liquid  state.  In  illustration  of  this  we 
may  cite  the  fact  that  the  upper  strata  of  water  contained  in  a  tube, 
at  the  bottom  of  which  some  ice  is  fixed,  may  be  boiled  without  melt- 
ing the  ice  below.  Such  a  very  feeble  flow  of  heat  might  reasonably 
lead  to  the  suspicion  that  in  liquids  the  transport  is  mainly  effected  by 
molecular  diffiision  and  convection  rather  than  by  that  process  of 
conduction  which  takes  place  in  solids. 

The  earliest  experiments  of  any  note  on  the  conductivity  of  liquids 
are  those  of  Despretz,^  the  method  adopted  being  analogous  to  the 
process  applied  to  the  determination  of  the  conductivity  of  metal  bars. 

^  Desjiretz,  Camples  Jiciulos^  1838,  |».  933  ;  Jan.  de  Chimie  H  de  Pfiysiquty  vol. 
Ixxi.  p.  216,  1839.  Earlier  exi^eriments  on  the  passage  of  heat  downwards  through 
li(jiii(l»  were  made  by  Murray  (Nicholson's  Jmtrnal^  vol.  i..  1802),  and  by  Rumford 
(Nicholson's  »/owy'«///,  vol.  xiv.,  ISOHj. 

677 


678 


THEORY  OF  HEAT 


CHA?.  TO 


In  operating  on  water  a  cylindrical  wooden  vessel  B  (Fig.  206)  ww 
employed,  about  1  metre  high  and  20  cm.  in  diameter.  At  interrak 
of  5  cm.  holes  were  drilled  in  the  walls  of  the  cylinder,  and  in  these 
thermometers  were  inserted  with  their  bulbs  placed  vertically  over  one 
another  along  the  axis  of  the  cylinder.  The  vessel  was  filled  with 
water,  and  on  the  top  of  the  liquid  a  copper  box  A  was  placed,  whidi 
was  kept  filled  with  hot  water  renewed  every  five  minutes.  When 
this  was  continued  for   some    time    the   upper   thermometers  were 

observed  to  show  a  gradual 
increase  of  temperature, 
and  the  wave  of  tempera- 
ture proceeded  slowly 
downwards,  as  long  as 
thirty-six  to  forty  honre 
being  required  before  the 
stationary  state  was  at- 
tained. This  elevation  of 
temperature  could  not  1)e 
attributed  to  conduction 
of  heat  down  through 
■^> ■^:>>^;^:c:^ ■•^v >:k ^^:*#^^tf5^.fe;f^v ;tv -^'^^^i^^u; ■■  %^< v?; "  the  sides    of    the    feebly- 

conducting  vessel,  tor 
Despretz,  by  means  of  other  thermometers  placed  in  the  liquid,  with 
their  bulbs  near  the  walls  of  the  vessel,  found  that  the  temj^erature 
was  higher  alon^  the  axis  than  near  the  sides  of  the  cylinder.  Near 
the  top  the  tenijjerature  did  not  vary  much  over  a  horizontal  cross- 
section,  hut  lower  down  this  variation  was  considerable.  It  wjis  thus 
proved  that  the  propagation  of  heat  takes  place  through  the  liquid 
either  by  molecular  diffusion  or  by  conduction  proper,  or  by  lx>th 
processes. 

Despretz  specially  observed  the  temperatures  in  the  stationary 
condition,  and  he  found  that  the  distribution  of  temperature  along  the 
axis  of  the  cylinder  followed  the  same  law  as  that  in  a  long  metal  bar 
heated  at  one  end  and  cooling  by  radiation  in  the  open  air.  In  this 
case  we  have  already  seen  that  the  temperature  curve  is  logarithmic 
and  given  bv  the  formula 

so  that  the  relative  conductivities  of  liquids  may  be  determined  in 
this  manner  like  those  of  solids.  Thus  for  liquids  of  conductivities 
K^,  K.„  K.^,  etc.,  if  lengths  /^,  /.„  /.{,  etc.,  correspond  to  equal  differences 
of  tenqxTatnie,  we  have,  as  in  the  experiment  of  Ingen-Hausz, 

K,     Ko     K.{      . 

^  .1  —  J  '>  —    I  •»  —  '  t^  • 
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By  a  comparison  of  cylinders  of  the  same  material,  Despretz  found 
that  /x  varied  inversely  as  the  square  root  of  the  diameter  of  the 
cylinder,  and  this  relation  holds  also  for  metals.  The  method, 
however,  does  not  appear  to  be  suited  to  give  very  accurate 
results,  and  the  interest  attaching  to  these  experiments  is  chiefly 
historical.^ 

The  same  method  was  subsequently  adopted  by  Paalzow,*  in  a 
slightly  modified  form,  in  an  investigation  of  the  relation,  if  any, 
between  the  electric  and  thermal  conductivities  of  various  liquids,  and 
his  observations  prove  that  no  relation  exists  between  these  quantities. 
For  it  appeared  that  water  and  sulphuric  acid  conduct  heat  almost 
equally,  the  former  being  somewhat  the  better. 

The  conductivity  of  water,  in  al)solute  measure,  has  been  obtained  Bottom- 
b}'  Dr.  J.  T.  Bottomley  ^  by  means  of  a  modified  form  of  Despretz's  j^rimwiu. 
apparatus.  The  copper  vessel  employed  by  Despretz  to  contain  the 
hot  water,  which  acted  as  a  soiu*ce  of  heat,  was  dispensed  with,  and 
the  heat  was  supplied  by  gently  pouring  hot  water  on  the  top  of  a 
wooden  float  of  a  diameter  slightly  less  than  that  of  the  cylinder 
which  contained  the  water  to  be  experimented  on,  and  on  which  the 
board  floated.  Two  tliermometers  were  placed  with  their  stems 
horizontal  and  their  bulbs  on  the  axis  of  the  cylinder  at  a  short 
distance  from  each  other.  These  thermometers  gave  the  difference 
of  temperature  of  the  two  faces  of  a  horizontal  stratum  of  the  liquid 
of  known  thickness,  and  the  quantity  of  heat  which  flowed  through 
this  stratum  per  second  was  calculated  by  observing  the  change  of 
temperature  of  the  whole  mass  of  liquid  below.  This  was  indicated 
by  a  vertical  thermometer,  which  had  a  long  bulb  extending  down- 
wards from  the  centre  of  the  stratum  in  question  to  nearly  the 
bottom  of  the  vessel.  Another  thermometer  was  placed  horizontally 
at  the  bottom  of  this  upright  thermometer  in  order  to  ascertain  when 
the  wave  of  temperature  bad  travelled  so  far,  and  as  soon  as  this 
occurred,  which  was  not  until  the  end  of  an  hour,  the  experiment 
was  stopped.  The  value  found  in  this  manner  for  the  absolute 
conductivity  of  water  in  the  C.G.S.  system  of  units  was 

For  water  .  .  .  K  =  0*002. 

The  method,  however,  is  by  no  means  free  from  serious  objections, 
especially  in  regard  to  the  manner  in  which  the  quantity  of  heat  which 

*  A  valuable  historical  ac'coniit  of  tlie  conduction  of  heat  in  liquids  has  been  given 
hv  Dr.  C.  Chree  in  the  Philmofthical  Magazinr  for  July  1887,  vol.  xxiv.  p.  1. 
-  Paalzow,  Pogg.  Atni.,  vol.  cxxxiv.  p.  618.  1868. 
3  J.  T.  Bottomiey,  Phi/.  Trans.  Hoy.  i.W.,  1881,  p.  537. 
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In  operating  on  water  a  cylindrical  wooden  vessel  B  (Fig.  206)  was 
employed,  about  1  metre  high  and  20  cm.  in  diameter.  At  interrak 
of  5  cm.  holes  were  drilled  in  the  walls  of  the  cylinder,  and  in  these 
thermometers  were  inserted  with  their  bulbs  placed  vertically  over  one 
another  along  the  axis  of  the  cylinder.  The  vessel  was  filled  with 
water,  and  on  the  top  of  the  liquid  a  copper  box  A  was  placed,  which 
was  kept  filled  with  hot  water  renewed  every  five  minutes.  When 
this  was  continued   for   some    time    the    upper   thermometers    were 

ol>served  to  show  a  gradual 
incrcjise  of  temperature, 
and  the  wave  of  tempera- 
ture proceeded  slowly 
downwards,  as  long  a8 
thirty-six  to  forty  hours 
being  required  before  the 
stationary  state  was  at- 
tained. This  elevation  of 
temperature  could  not  he 
attributed  to  conduction 
of  heat  down  through 
>-^.^cA^^v^;^-^-^>^$;Vcj^^  the  sides    of    the    feebly- 

Fig.  200. — D«»Ki)retz'8  Animratns.  j        i.  •  i     r 

*  **  conducting  vessel,  for 

Despretz,  by  means  of  other  theniiometers  placed  in  the  liquid,  with 
their  bulbs  near  the  walls  of  the  vessel,  found  that  the  temperature 
was  higher  alorii^  the  axis  than  near  the  sides  of  the  cylinder.  Near 
the  top  the  teni])erature  did  not  vary  nnieh  over  a  horizontal  cross- 
section,  but  lower  down  this  variation  was  considerable.  It  was  thus 
proved  that  the  propagation  of  heat  takes  place  through  the  liquid 
either  by  molecular  ditl'iision  or  by  conduction  proper,  or  by  both 
processes. 

Despretz  specially  observed  the  temperatures  in  the  stationary 
condition,  and  he  found  that  the  distribution  of  temperature  along  the 
axis  of  the  cylinder  followed  the  same  law  as  that  in  a  long  metal  bar 
heated  at  one  end  and  cooling  by  radiation  in  the  open  air.  In  this 
case  we  have  already  seen  that  the  temperature  curve  is  logarithmic 
and  given  by  the  fornuila 

so  that  the  relative  conductivities  of  licpiids  may  be  determined  in 
this  manner  like  th<»se  of  solids.  Thus  for  liquids  of  conductivities 
Kj,  K.^,  K.^,  etc.,  if  lengths  /j,  /.„  /.j,  etc.,  correspond  to  equal  differences 
of  tempeiatuie,  we  have,  a.s  in  the  experiment  of  Ingen-Hausz, 

K,  K.,  _   K;,  _ 


'i        'j       'a 


;:  =  etc. 
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By  a  comparison  of  cylinders  of  the  same  material,  Despretz  found 
that  /x  varied  inversely  as  the  square  root  of  the  diameter  of  the 
cylinder,  and  this  relation  holds  also  for  metals.  The  method, 
however,  does  not  appear  to  be  suited  to  give  very  accurate 
results,  and  the  interest  attaching  to  these  experiments  is  chiefly 
historical.^ 

The  same  method  was  subsequently  adopted  by  Paalzow,*  in  a 
slightly  modified  form,  in  an  investigation  of  the  relation,  if  any, 
between  the  electric  and  thermal  conductivities  of  various  liquids,  and 
his  observations  prove  that  no  relation  exists  between  these  quantities. 
For  it  appeared  that  water  and  sulphuric  acid  conduct  heat  almost 
equally,  the  former  being  somewhat  the  better. 

The  conductivity  of  water,  in  absolute  measure,  has  been  obtained  Bottom- 
b}'  Dr.  J.  T.  Bottomley  ^  by  means  of  a  modified  form  of  Despretz  s  p/rimenu. 
apparatus.  The  copper  vessel  employed  by  Despretz  to  contain  the 
hot  water,  which  acted  as  a  source  of  heat,  was  dispensed  with,  and 
the  heat  was  supplied  by  gently  pouring  hot  water  on  the  top  of  a 
wooden  float  of  a  diameter  slightly  less  than  that  of  the  cylinder 
which  contained  the  water  to  be  experimented  on,  and  on  which  the 
board  floated.  Two  thermometers  were  placed  with  their  stems 
horizontal  and  their  bulbs  on  the  axis  of  the  cylinder  at  a  short 
distance  from  each  other.  These  thermometers  gave  the  difference 
of  temperature  of  the  two  faces  of  a  horizontal  stratum  of  the  liquid 
of  known  thickness,  and  the  quantity  of  heat  which  flowed  through 
this  stratum  per  second  was  calculated  by  observing  the  change  of 
temperature  of  the  whole  mass  of  liquid  below.  This  was  indicated 
by  a  vertical  thermometer,  which  had  a  long  bulb  extending  down- 
wards from  the  centre  of  the  stratum  in  question  to  nearly  the 
bottom  of  the  vessel.  Another  thermometer  was  placed  horizontally 
at  the  bottom  of  this  upright  thermometer  in  order  to  ascertain  when 
the  wave  of  temperature  bad  travelled  so  far,  and  as  soon  as  this 
occurred,  which  was  not  until  the  end  of  an  hour,  the  experiment 
was  stopped.  The  value  found  in  this  manner  for  the  absolute 
conductivity  of  water  in  the  C.G.S.  system  of  units  was 

For  water  .  .  .  K  =  0-002. 

The  method,  how^ever,  is  by  no  means  free  from  serious  objections, 
especially  in  regard  to  the  manner  in  which  the  quantity  of  heat  which 

1  A  valuable  historical  account  of  the  conduction  of  heat  in  liquids  has  been  given 
bv  Dr.  C.  Chree  in  the  Philmtophical  Maga'Jn^  for  July  1887,  vol.  xxiv.  p.  1. 
-  Paalzow,  Ptygg.  Ann.,  vol.  cxxxiv.  p.  618,  1868. 
'  J.  T.  Bottomley,  Phii.  Trans.  Hmj.  Sac.,  1881,  i».  537. 
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flows  through  the  stratum  is  estimated,  and  the   value  0*002  differs 
somewhat  from  that  obtained  by  subsequent  investigations. 

818.  More  Recent  Investigrations. — The  methods  which  hare 
been  since  applied  to  the  determination  of  the  conductivities  of  liquids 
belong  chiefly  to  two  classes.  One  in  which  a  layer  of  the  liquid 
under  examination  is  contained  between  two  horizontal  discs  having 
their  centres  in  the  same  vertical  line,  and  the  other  in  which  the 
liquid  is  contained  in  the  annular  space  between  two  coaxial  cylinders 
Guthrie's  The  first  method,  which  may  be  termed  the  flat  disc  method,  was 
^^^^'  adopted  by  Professor  Guthrie  Mn  1869.  His  apparatus  consisted  of 
two  equal  hollow  metal  cones  placed  with  their  bases  horizontal  and  at 
a  small  distance  apart.  The  liquid  under  examination  was  introduced 
between  the  bases  of  the  cones,  where  it  was  retained  by  capillarity. 
The  lower  cone  contained  air,  and  communicated  with  a  tube  contain- 
ing a  coloured  liquid,  so  that  it  might  be  used  as  an  air  thermometer, 
the  temperature  of  the  air  within  the  cone  being  determined  by  the 
height  of  the  column  of  coloured  liquid.  The  upper  cone  was  kept 
heated  by  a  current  of  hot  water  circulating  through  it.  Apart  from 
convection  and  conduction  proper  there  are  two  ways  in  which  heat 
may  pass  from  the  upper  cone  to  the  lower — namely,  by  radiation 
and  diffusion.  That  the  transference  of  heat  by  radiation  is  com- 
paratively small  may  be  inferred  from  the  fact  that  several  seconds 
elapsed  after  the  application  of  the  heat  before  any  sensil)le  movement 
of  the  coloured  litpiid  was  observed  ;  besides,  the  insertion  of  a  thin 
film  of  Swedish  HItering-paper,  which  should  greatly  influence  the 
radiation,  scarcely  aH'ected  the  experiment.  In  order  to  determine 
how  far  diflusion  took  place,  Guthrie  painted  the  base  of  the  upfxr 
cone  with  a  soluble  aniline  dye,  but  on  examination  no  trace  nf 
colour  could  be  observed  in  the  liquid  near  the  lower  cone,  aiid  he 
therefore  concluded  that  diflusion  had  no  sensible  effect.  These  are 
the  only  points  of  importance  which  the  experiments  seem  to  establish. 
The  other  deductions  are  described  by  Dr.  Chree  as  extremelv  falla- 
cious,  and  the  criticism  does  not  appear  to  be  unnecessarily  severe,  for 
the  numerical  results,  although  they  are  doubtless  measures  of  some- 
thing, are  certainly  not  to  be  regarded  as  representing  the  conductivity 
of  the  liquid. 
Weber's  Some  very  careful  experiments  have  been  made  by  Weber,-  who 
experi-  .j^^  ^^^^^  ^j^^  Hat- plate  method.  These  have  been  considered  hv 
Lorberg,'^   who   has   shown   that    the    deductions   of   Weber   in   some 

'  Outline,  F/iil.  Mmj.,  vol.  xxxvii.  p.  468,  1869. 

-   H.  V.  Wtl.tT,    U'ial  Ann.,  vol.  x.  pj).  103,  i\OA,  472;  vol.  xi.  ]>.  347,  ISSO. 

'•'  II.  Lorberg,   irial.  Ann.,  vol.  xiv.  j)p.  291,  427;   ISSl. 
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respects  require  amendment  Weber's  apparatus  consisted  of  two 
copper  plates,  about  8  cm.  in  radius,  placed  one  over  the  other,  with 
their  planes  horizontal,  the  lower  supporting  the  upper  by  means  of 
three  fragments  of  an  ill-conducting  material,  so  that  the  iDtervial 
between  them  was  0*231  cm.  The  liquid  was  contained  between  these 
plates,  as  in  Guthrie's  experiments,  and  a  small  glass  rim  was  employed 
in  the  case  of  the  more  mobile  liquids.  The  temperature  of  the 
upper  plate  was  determined  by  means  of  a  thermo-electric  couple,  one 
junction  being  fused  to  the  upper  surface  of  the  plate,  while  the  other 
was  immersed  in  ice.  In  making  an  experiment  the  apparatus  was 
allowed  to  come  to  a  stationary  temperature,  as  indicated  by  the 
galvanometer,  and  the  lower  plate  was  then  suddenly  placed  in  contact 
with  a  block  of  ice ;  a  screen  of  metal  was  then  placed  over  the 
apparatus  and  the  time  was  noted.  After  about  two  and  a  half 
minutes  readings  of  the  galvanometer  were  begun  and  continued  at 
regular  short  intervals,  so  that  the  law  of  cooling  of  the  upper  plate 
was  thus  determined.  This  gave  the  rate  of  flow  of  heat  through  the 
liquid  from  the  warmer  to  the  colder  plate,  the  assumptions  made 
being  that  there  was  no  sudden  change  of  temperature  in  passing 
from  the  metal  to  the  liquid,  and  that  each  plate  was  at  the  same 
temperature  throughout. 

The  following  table  is  extracted  from  Dr.  Chree's  paper.  It  contains 
the  results  obtained  by  Weber,  and  also  those  found  by  Lorberg  for 
water,  as  well  as  the  values  obtained  by  Dr.  Chree  for  glycerine  and 
benzene  by  Lorberg's  method.  In  each  case  Weber's  result  is  placed 
first,  and  the  units  employed  are  the  centimetre,  gramme,  and 
minute  : — 


1 

Substance. 

Condnc- 
1   tivity. 

^^ubsta^ce. 

Conduc- 
tivity. 

Water  at  4"-l  . 

.     0-07-15 

Alcohol    . 

•                 • 

0-0292 

,,      corrected  by  Lorberg 

.  '  0-0831 

Bisulphide  of  carbon 

• 

0  0250 

,,      at  23  -6 

0-0857 

Ether       . 

•                  • 

0  0243 

,,     corrected  by  Lorberg 

0  0911 

Olive  oil  . 

, 

0-0235 

'  Copi)er  sulphate  solution . 

i  0-0710 

Chloroform 

•                  , 

0-0220 

1  Zinc  sulphatt^  soliitiou 

.     0-0711 

Citron  oil 

•                 • 

0-0210 

J »           > »            J »            • 

00698 

Benzene  . 

•                 • 

0  0200 

,     „            „         at  4^-5        . 

.     0-0691 

,,       corrected  bj^ 

Lorl)erg'8 

.  Last  solution  at  23" '4 4 

0-0776 

method 

,                 , 

0-0235 

'  Salt  water  at  4° -4     . 

0-0692 

Mercury  at  4" '5 

•                 • 

0-9094 

I    ,,         ,,      at26'-28 

0-(»809 

,,        corrected  by 

Lorberg's 

Glycerine  at  6  -25    . 

0  0402 

method    . 

.         « 

0-9250 

'  ,,          corrected  bv  LorWrg 

0(M30 

at  17" 

*         • 

0-9720 

at25"2     .' 

0-0433 

•  •  • 

1 

' 

Experiments  by  the  coaxial  cylinder  or  annular  space  method  have 
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Winkel-  been  made  by  Winkelmann  and  Beetz.  The  apparatus  of  Winkel- 
Deiimeius  "^^"^  ^  consisted  essentially  of  two  brass  cylinders,  one  enclosing  the 
other.  The  inner  acted  as  the  bulb  of  an  air  thermometer.  For  this 
purpose  it  was  completely  closed,  save  for  a  small  hole  at  the  centre 
of  the  upper  end,  in  which  a  glass  tube  was  fastened.  This  tube 
passed  through  a  corresponding  hole  in  the  upper  end  of  the  outer 
cylinder,  and  could  be  fixed  there,  so  that  the  two  surfaces  were 
parallel.  It  was  then  bent  twice  at  right  angles,  so  that  its  end 
dipped  into  a  beaker  of  mercury.  The  height  of  the  mercury  in  this 
tube  varied  with  the  temperature  of  the  air  within  the  cylinder,  and 
could  be  thus  used  to  register  its  temperature.  The  liquid  under 
examination  was  enclosed  in  the  annular  space  between  the  cylinders. 
In  making  an  experiment  the  whole  apparatus  was  plunged  into  ice- 
cold  water,  and  the  height  of  the  mercury  in  the  tube  was  noted 
subsequently  at  equal  intervals  of  time  while  the  apparatus  cooled. 

Denoting  the  temperature  of  the  enclosed  air  before  immersion  by 
6q  and  the  velocity  of  cooling  by  v,  Winkelmann  estimated  the  temper- 
ature ^  at  a  time  /  after  immersion  by  the  formula 

vt=\og{eje), 

and  he  further  assumed  that  the  outer  cylinder  kept  the  temperature 
of  the  ice-cold  water  in  which  it  was  immersed,  and  that  the  inner 
cylinder  and  the  liquid  layer  in  contiict  with  it  were  at  the  temperature 
of  the  enclosed  air.  He  then  estimated  the  temperature  0  of  the 
li(|uid  at  a  distance  .r  from  the  outer  cylinder  by  the  formula 

where  d,  /^  c  are  constants  determined  by  the  assumed  conditions  at 
the  bounding  surfaces. 

From  observations  with  three  different  sizes  of  appjjratus  Winkel- 
mann found  that  the  conductivity  supplied  by  the  formula  increased 
with  the  thickness  of  the  liquid  ;  but  that  very  s«itisfactory  results 
should  not  be  obtained  on  the  basis  of  so  many  assumptions  is  not 
sur])rising.  Stirrers  were  employed  to  promote  circulation  in  the 
bath  ami  keep  a  constant  supply  of  ice-cold  water  in  contact  with  the 
outer  cylinder,  and  the  discrepancies  were  attributed  by  Winkelmann 
to  the  fact  that  these  stirrers,  although  they  might  keep  the  curved 
surface  of  the  cylinder  at  zero,  did  not  renew  the  water  sufficiently  at 
the  top  and  bottom,  and  to  allow  for  this  a  correction  was  applied. 
According  to  Weber,  however,  who  severely  criticised  this  work,  the 
discrepancies  are  to  be  attributed  to  convection  currents. 

^   A.  Winkelmann,  /W;.  Ann.,  vol.  cliii.  p.  481,  1874. 
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Winkelmann's    results,    expressed    in    centimetre,    gramme,    and 
minute  units,  are,  for  temperatures  between  10°  and  18°  C. — 


Water     .... 

.     0-092 

Salt  solution    . 

.     0*1605 

Alcohol   .... 

.     0  0904 

Bisulphide  of  carbon 

.     0-1186 

Glycerine 

.     0-0449 

The  apparatus  of  Herr  Beetz  ^  consisted  of  a  long  cylindrical  glass  Beetz's  ex- 
tube  placed  with  its  axis  vertical,  and  enclosed  within  a  coaxial  glass  P®""^*'***- 
tube  of  slightly  larger  dimensions,  and  fused  to  it  near  its  mouth.     The 
inner  tube  was  filled  with  mercury  up  to  a  fixed  level,  and  its  mouth 
was  closed  by  a  cork  which  carried  a  thermometer  with  a  long  bulb 
which  was  completely  immersed  in  the  mercury.     The  liquid  under 
examination  was  contained  in  the  space  between  the  two  glass  tubes ; 
and  the  width  of  this  space  was  small  compared  with  the  diameter  of 
either  tube,  and  the  latter  in  turn  was  small  compared  with  the  length 
of  either  tube  or  with  the  length  of  the  thermometer  bulb,  so  that 
fairly  good  results  should  be  expected  from  a  treatment  which  regarded . 
the  liquid  as  enclosed  between  two  infinitely  long  cylinders. 

The  main  observations  consisted  of  two  series  of  experiments — one 
at  a  low  and  the  other  at  a  higher  temperature.  In  the  former  the 
whole  apparatus  was  immersed  in  an  ice  bath,  and  removed  as  soon  as 
the  thermometer  indicated  1°  C.  It  was  then  wiped  dry,  and  when 
the  thermometer  indicated  2°  C.  the  whole  apparatus  was  immersed 
in  a  bath  of  water  at  20°  G.  When  the  thermometer  indicated  4** 
the  time  was  taken,  and  the  time  of  each  successive  rise  of  2°  was 
observed.  In  the  second  series  the  apparatus  was  immersed  in  a 
water  bath  at  a  temperature  above  45",  and  when  the  thermometer 
indicated  44°  the  apparatus  was  plunged  into  a  bath  at  20°,  while  the 
times  of  cooling  each  successive  2""  were  noted  from  the  instant  the 
thermometer  registered  40°.  For  the  velocity  of  heating  or  cooling 
Beetz  employed  the  same  formula  as  that  used  by  Winkelmann,  viz. 
vt  =  log  (OJO),  where  6q  is  the  difference  of  temperature  between  the 
enclosed  thermometer  and  the  bath  at  the  instant  from  which  the  time 
wfis  reckoned,  and  6  the  difference  at  the  time  (.  The  conductivity 
was  determined  by  a  formula  which  Weber  pointed  out  must  be 
incorrect.  Fair  results  may,  however,  be  obtained  by  multiplying 
Beetz's  results  by  the  specific  heat  of  unit  volume  of  the  liquid. 
Errors  must  exist,  however,  in  every  case,  for  since  glass  is  a  bad  con- 
ductor, the  temperature  will  vary  from  one  side  to  the  other  of  each 
tube,  however  thin  thev  be  made. 

»  W.  Beetz,   Wied.  Ann.,  vii.  p.  435,  1879. 
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The  question  of  convection  currents  was  carefully  considered  bj 
Beetz.  He  placed  some  lycopodium  seed  in  the  liquid  and  observed 
its  movements  through  a  microscope.  In  this  manner  he  detected 
currents  travelling  up  one  glass  surface  and  down  the  other.  At  the 
lower  temperatures,  however,  he  found  that  convection  had  no  appreci- 
able effect,  for  on  thickening  the  water  with  meal  he  found  scarcely 
any  change  in  the  conductivity,  even  when  the  water  and  meal  had 
been  boiled  and  allowed  to  cool  to  a  thick  paste.  At  higher  temper- 
atures, however,  he  found  that  convection  played  a  decided  part,  and 
this  goes  far  to  justify  Weber*s  objections  against  the  ex|>eriments  of 
Winkelmann.  No  change  could  be  detected  when  colouring  matter 
affecting  radiation  was  introduced,  and  this  agrees  with  Guthrie's 
observations. 

The  conductivities  of  several  liquids  have  also  been  compared  by 
means  of  a  comparatively  simple  apparatus  by  Christiansen,^  and  Herr 
Griitz  -  has  conducted  a  series  of  experiments  on  the  same  subject  by 
the  novel  method  of  forcing  a  current  of  the  liquid  through  a  narrow 
pipe  immersed  in  a  bath  containing  water  at  a  low  temperature.  The 
liquid  was  heated  to  a  definite  temperatiu'e  before  entering  the  pipe, 
and  was  forced  througli  luider  a  constant  pressure,  the  quantity  pass- 
ing through  per  second  being  determined  as  well  as  the  fall  of 
temperature  during  its  transit. 

The  j)eriodic  method  of  Angstriini  h;is  also  been  applied  to  liquid? 
by  Ilerr  liUndquist.^  The  following  table  of  his  results  has  been 
given  by  Weber,  who  considers  the  method  very  accurate  though 
tedious  : — 


Siilt>tflli(«-. 

Water 

■  Salt  solution,  density  ]'M^ 

\  Sulpljati*  of  zinc;,  density  I'-lS'l  . 


'IViiipt'ratiin-. 

C:on 

iluctivitA. 

LundiluiHt. 

Wt-Wr. 

40 -S 

0-0937 

O09r.3 

4:M» 

0-0S97 

0-09O1 

ir.-2 

0-09.V2 

0-OS72 

The  units  employed  are  the  centimetre,  gramme,  and  minute.  For 
the  last  liquid  Liindquist  took  a  specific  heat  0*77,  while  the  correct 
value,  according  to  Weber,  is  0'G97,  so  that  the  corrected  value  of  K 
would  be  0-0.^r)L>. 


»  C.  Christiansen.    //'/>'/.  .hnt.,  vol.  xiv.  \\  23,  18?>1. 

-   \j.  (;iatz,   iriof.  Jihi.,  vol.  xviii.  ]•.  79  ;  aiul  vol.  xxv.  p.  337,  18S5. 

*'  Lund<iuist,  rpstila  f\iii;rsifrfs  Arssk'ri/t,  ]>.  1,  1869. 
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Conductivity  of  Gases 

319.  Andre ws*s  Experiment — Conductivity  of  Hydrogen. — Dilfi- 
cult  as  the  practical  determination  of  the  conductivity  of  liquids  may 
be,  the  investigation  becomes  more  complicated  and  perplexing  in  the 
case  of  gases,  for  here  the  phenomenon  is  masked  by  direct  radiation, 
and  it  is  almost  impossible  to  determine  how  far  the  effects  are  due  to 
convection  and  diffusion.  For  these  reasons  the  determination  of  the 
thermal  conductivity  of  gases  is  an  investigation  of  extreme  dilficulty. 

Many  familiar  facts,  however,  render  it  certain  that  heat  is  not 
conveyed  with  facility  through  air  or  other  gases  except  by  radiation. 
Thus  the  presence  of  interstices  and  cavities  filled  with  air  renders  such 
materials  as  felt,  wool,  furs,  etc.,  very  bad  conductors  of  heat.  Such 
substances  when  compressed,  so  as  to  reduce  the  air  cavities, 
conduct  heat  much  better,  and  consequently  become  less 
warm  when  used  as  articles  of  clothing,  but  as  to  whether 
heat  is  propagated  through  the  material  more  freely  when 
the  cavities  are  filled  with  air  than  when  they  are  com- 
pletely empty  or  filled  with  other  gases  must  be  tested  by 
experiment. 

The  experimental  evidence  on  tliis  subject  points  con- 
sistently to  hydrogen  as  being  a  much  better  conductor  of 
heat  than  any  other  gas,  or  at  least  indicates  that  heat  is 
much  more  freely  propagated  by  tiiis  gas  than  by  any  other. 
A  celebrated  experiment  on  this  subject  is  that  descri):)ed 
by  Dr.  Andrews,^  and  usually  attributed  to  Grove.  A  thin 
platinum  wire  (Fig.  207),  through  which  an  electric  current 
could  be  passed,  was  stretched  within  a  glass  tube.  When 
the  tube  was  filled  with  air,  or  any  gas  other  than  hydro- 
gen, while  the  wire  was  raised  to  incandescence  by  the 
electric  current,  it  was  found  that  the  brightness  remained,  pig.  207. 
though  less  vivid,  when  the  tube  was  exhausted.  On 
the  other  hand,  when  hydrogen  was  passed  into  the  tube,  the  bright- 
ness of  the  wire  was  greatly  diminished,  or  altogether  annulled. 

The  experiment  was  vaiied  by  Grove,-  who  passed  the  same 
current  through  two  similar  wires  stretched  in  different  tubes,  which 
could  be  filled  with  different  gases.  When  one  of  the  tubes  contained 
hydrogen  the  wire  in  that  tube  was  not  luminous,  although  the  wire 
in  the  other  was  vividly  bright.     This  effect  was  found  by  Magnus  to 

*  Andrews,  Proc.  Roy.  IHsh  Academy ^  vol.  i.  ]>.  465,  1840. 

'^  Grove,  '*Bakcrian  Ijccture,"  PhU.   Trans.,  1847;  and  Phi/.  Mag.,  vol.  xxvii. 
p.  445. 
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when  the  wires  were  stretched  in  very  n»m« 
diameter,  so  that  the  layer  of  gaa  waa  wn 
thin,  and  convectioD  currentt 
could  scarcely  occur,  so  tiin 
it  appeared  improbHble  thai 
the  whole  cooling  of  the  win 
waa  caused  by  the  mobiliiy 
uf  the  hydrogen  molecules.' 

820.  Experiments  of 
Magnus. — ^The  first  oiAaiit 
investigation  of  the  relatan 
k  conductivities  of  gases  «m 
that  published  by  Magnut- 
in  1860.  The  apparatus  em- 
ployed is  shown  in  Fig-  308, 
and  was  similar  to  that  already 
described  in  Art.  272,  The 
investigation  of  the  diather- 
mancy of  gases,  in  fact,  d^ 
ve  loped  out  of  the  present 
inquiry  concerning  their  con- 
ductivities. The  gas  under 
examination  was  contained 
AB,  which  was  160  mm.  high  and  56  mm. 

■1  (.'  was  fixed  to  AB  bv  fusion,  and  contained 


wide.     The  tippcc  vessel 

>  Leslii-  lull  ul>r4'rv.'.lllialnli..t  Wly  coulvtl  iiiui 
air,  niiit  IJaUi)ii  and  Davy  I'Stiiiialcil  tliu  (.imliiif;  \'0\ 
time*  tJikeii  liy  a  tliennoiuctpr  to  cool  through  tlie 
]i1ac(it  in  tli>'in.  Tlieir  results,  liowfvrr.  <liiri'ni] 
Hltaokfil  bv  AiiilrpWK  Uv  iliu  iiovfl  mptlio'l  ilestrilwJ 

3laiit  iKitti'cy  l«  iNtHscd  tliniujtli  llie  wire  lliin  .■uriftit  will  !«■  greatest  when  thi 
is  itiimei'Heil  in  tliiMe  gasM  wliiL'li  Vtxp  it  iMHilfat.  Tliv  wire  was  firit  he:itel  I 
■lid  lliPii  ill  snotliiT  f^,  ami  llie  currpiK  iiiteiisilieH  fompareil  iu  the  two  cas*s. 
ratio  <•(  llii'  <*iirii'iit  witli  wir«  ill  )<"*  '"'  'I"'  "'''•>  '"""  '"  "'■'  was  found  as  folloi 
Uriituxide  of  nitrogen 


rapidly  iu  liydi-ot,i-n  tbin  in 
;rs  of  (pstB  by  observing  th( 
ame  nunilwr  of  de^TMS  irln-Q 
idely,  and  the  .jiiestion  ■».■ 
11  the  text.     Since  the  rwist 


■016 


fiKfii 
«»i.-  uxUir 

.     0-9H.". 
,     100:( 

IVitOKide  of  u 
Oxygen 
Oleliant  gas 

trojceu      .     1  -018 
.     1109 

.    i-iri 

IL'SfU 

lo,l  V.-AS  ;d»0  .' 
ur^  <.r  othoi  m 
■^lijrlitly  gmx 

.     l'Ol:i 

t-lldod  lo  V.1I.D 

1  ali-oh..l  Ki-n- 

ITydrcigcB       .           .           .      l-3>^-i 
urs.  and  it  a|i]i.>ared  that  the  cooling  p.>wer 

351,  -ISr.     Trnnslated,  Phil.  31,.^.,  vol.  ii 
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water  kept  near  the  boiling  point  by  a  current  of  steam.  This  formed 
the  source  of  heat,  and  in  order  to  compare  the  indications  of  the 
thermometer  when  different  gases  were  used,  it  was  necessary  that  the 
vessel  AB  should  be  kept  in  an  enclosure  at  constant  temperature. 
For  this  purpose  it  was  placed  inside  a  cylinder  PQ,  which  was  sur- 
rounded by  a  bath  of  water  XY,  as  shown  in  the  figura  By  this 
means  the  temperature  of  the  inner  enclosure  was  kept  constantly  at 
15  C.  A  thermometer /(J'  was  fixed  horizontally,  and  protected  by  a 
screen  (X)  from  the  direct  radiation  of  the  source  of  heat  above.  In 
the  earlier  expenments  a  cork  screen  was  used,  but  it  was  afterwards 
found  that  one  of  polished  metal  (silvered  copper-foil)  was  much  more 
efficient  as  a  protection.  This  arises  from  the  fact  that  the  polished 
metal,  although  a  better  conductor  than  cork,  is  yet  a  much  more 
feeble  radiator  and  absorber.  The  following  results  give  an  idea  of 
the  difference  in  the  indications  of  the  thermometer  when  protected 
and  unprotected  in  this  manner  in  air  at  the  pressure  of  one  atmo. — 


Cork  Screen  *2  nim.  Thick. 
23'*  C. 


Two  Ck)pper-foilM  1  mm.  Distant.  No  Screen. 


When  the  steam  is  allowed  to  enter  the  vessel  C  the  temperature 
indicated  by  the  thermonjeter  fij  gratlually  rises,  and  in  about  half  an 
hour  becomes  stationary — the  time  varying  with  the  nature  and  pres- 
sure of  the  gas.  This  temperature  depends  on  several  circumstances, 
such  as  the  conducting  and  radiating  powers  of  the  glass  vessel  AB,  on 
the  thickness  and  radiating  power  of  the  screen,  and  finally  on  the  con- 
ductivity of  the  gas,  and  more  or  less  on  its  diathermancy.  The 
results  of  the  experiments  are,  however,  comparatively  simple.  When 
the  pressure  of  the  gas  was  reduced  to  15  mm.  or  less,  the  stationary 
temperature  of  the  thermometer  was  sensibly  the  same  for  all  gases, 
and  differed  little  from  the  temperjiture  in  vacuo.  Denoting  this 
latter  by  100  (it  was  IT '7  C.  with  a  cork  screen  2  mm.  thick,  and 
7*^ '8  with  a  metal  screen  i),  the  corresponding  numbers  for  the  various 
gases  at  atmospheric  pressure  were  as  follows  : — 


Substance. 


Vacuum 
Air 

Oxygen 
Hytirogen   . 
Carbonic  acid 
Carbonic  oxide 


Ther- 
mometer. 


100 
82-0 
S2-0 

nil 

70  0 

SI -2 


tSulwtance. 


Protoxide  of  nitrog( 
Marsh -gas  . 
Oletiant  gas 
Ammonia  . 
Cyanogen  . 
Sulphurous  acid 


;en 


Ther- 
mometer. 


75-2 
80  3 
76-9 

75-2 
66  6 


*  Tlie  temperatun'S  were  counted  from  tliat  of  the  surrounding  medium,  whidi 
was  15*  C. 
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It  appears  from  this  table  that  the  stationary  temperature  of  the 
thermometer  is  higher  in  a  vacuum  than  in  any  gas  except  hydrogen. 
The  heat,  therefore,  travels  through  all  these  gases  (except  hydrogeD) 
with  less  facility  than  through  a  vacuum.     Further,  the   temperature 
of  the  thermometer  rises  as  the  gases  are  more  rarefied,  except  in  the 
case  of  hydrogen,  for  here  the  opposite  effect  was  exhibited,  the  tem- 
perature falling  as  the  hydrogen  became  more  rare.      This  has  been 
supposed  to  demonstrate  the  true  conductivity  of  hydrogen,  and  to 
prove  that  the  other  gases  possess  no  appreciable  conducting  power. 
It  is,  however,  evident  from  the  results  that  the  other  gases  exercised 
quite  as  decided  an  effect  as  hydrogen,  but^  in  the  opposite  direction. 
The  only  certain  inference  we  seem  able  to  make  is  that  the  flow  of  heat 
to  the   thermometer,  or  the   heat-carrying  power   of   the  space,  is  in- 
creased by  hydrogen  and  diminished  by  the  other  gases,  and  there  are 
no  a  priori  grounds  for  the  supposition  that  hydrogen  possesses  a  con- 
ducting power  similar  to  metals  more  than  any  other  gas. 

These  experiments  were  repeated  by  Buff  ^  with  a  somewhat  similar 
apparatus.  The  mercury  thermometer  was,  however,  replaced  by  a 
thermo-electric  couple  of  palladium  and  iron,  and  the  walls  of  the 
enclosure  were  kept  at  a  constant  temperature  by  a  cold  water  bath. 
The  conclusions  arrived  at  by  Buff  were  that  when  perturbating  causes 
are  sufficiently  guarded  against  no  appreciable  conduction  effect  is 
observable,  and  that  the  effect  attributed  to  hydrogen  arises  from  its 
great  diathermancy  rather  than  its  conductivity.  According  to  Buff, 
hy<lrogen  is  j>ractically  as  transparent  as  a  vacuum  to  radiant  heat, 
whereas  air  absorbs  as  much  as  50  or  60  per  cent  of  the  heat  radiateti 
by  boiling  water.  This,  however,  is  decidedly  contradicted  by  many 
other  experiments  on  the  diathermancy  of  gases,  which  have  been 
described  already  (Arts.  270-274).  The  indications  of  the  ther- 
mometer in  such  experiments  represent  the  resultant  effect  of  several 
causes,  and  in  no  sense  can  they  be  regarded  as  representing  the  con- 
ductivitv  of  the  <i;as. 

321.  Absolute  Conductivity  of  a  Gas. — If  a  plane  be  imagined 
drawn  through  a  mass  of  gas,  then,  according  to  the  kinetic  theory,  the 
molecules  are  contiinudly  crossing  from  one  side  to  the  other  of  this 
plane,  and  by  this  process  of  interchange  the  properties  of  the  ga.- 
tend  to  become  ecjualised  on  both  sides  of  the  jdane.  Equalisation  of 
temperature  may  thus  l)e  brought  al>out  by  molecular  diffusion,  and 
the  transport  of  heat  through  a  gas  by  conduction  is  merely  the  trans- 
l)ort  of  kinetic  energy  by  molecular  diffusion.     The  absolute  conduc- 

'   H.  Biiir,  /'o'jg.  Ann.,  vol.  clviii.  i».  177,  1876  :  ami  Journal  cfr  Phijftiqve,  vol,  v. 
|».  3.'j7,  1876. 
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tivity  of  a  gas  might  then  be  defined  as  the  quantity  of  heat,  or 
kinetic  energy,  transported  per  second  througli  a  layer  of  the  gas 
1  cm.  thick,  1  square  cm.  area,  and  having  1"^  C.  difference  of  tem- 
perature between  its  faces,  the  transport  being  effected  by  molecular 
motions  alone  and  not  by  the  motion  of  large  portions  of  the  gas,  such 
as  takes  place  in  convection  currents. 

To  measure  the  conductivity  of  a  gas  consequently  requires  the 
study  of  its  cooling  under  conditions  in  which  the  effects  of  convec- 
tion currents  are  negligible. 

This  line  of  investigation  has  been  followed  by  Kundt  and  War- 
burg^ among  others.  When  a  thermometer  is  allowed  to  cool  in  a 
gas  it  loses  heat  by  radiation,  and  also  by  conduction,  but  the  effect 
due  to  the  latter  is  completely  masked  by  that  arising  from  con- 
vection currents  unless  the  pressure  is  small.  When  the  pressure 
is  diminished  to  a  certain  value  the  effects  of  convection  currents 
become  insensible,  and  the  rate  of  cooling  of  the  thermometer  at 
any  given  temperature  remains  constant,  until  a  stage  of  exhaustion 
is  reached  at  which  the  mean  free  path  of  a  molecule  is  not 
vaiiishingly  small  compared  with  the  dimensions  of  the  enclosure. 
This  constancy  of  the  rate  of  cooling  is  in  accordance  with  the 
kinetic  theory,  from  which  it  follows  that  the  conductivity  of  a  gas 
up  to  this  limit  is  independent  of  the  pressure. 

Kundt  and  Warburg  operated  with  three  diff*erent  enclosures,  and 
found  that  with  air  the  rate  of  cooling  of  the  thermometer  remained 
constfint  for  pressures  between  150  mm.  and  about  1  mm.,  (ind  for 
hydrogen  between  150  mm.  and  about  9  mm.  Within  these  limits 
the  action  of  convection  currents  was  therefore  insensible,  and  the 
observations  lead  to  the  conductivity  of  the  gas  when  the  cooling 
arising  from  direct  radiation  is  determined..  For  this  piu'pose  the 
enclosiu*e  was  exhausted  as  completely  as  possible  after  being 
thoroughly  desiccated  at  a  temperature  of  200°  C.  In  this  state 
the  rate  of  cooling  was  found  to  be  independent  of  the  shape  of 
the  enclosure,  which  showed  that  the  effect  of  conduction  by  the 
residual  gas  was  negligible.  The  radiation  being  thus  known,  the 
cooling  produced  by  conduction  was  determined  by  difference. 

By  this  means  it  was  found  that  the  conductivity  of  hydrogen 
was  7*1  times  that  of  air,  while  the  corresponding  ratio  for  carbonic 
acid  was  0*59.  The  former  agrees  with  the  theoretic  deductions  of 
Maxwell,  but  the  latter  is  sensibly  less  than  the  value  (0*7)  obtained 
theoretically.     The  theoretic  coefficient  for  carbonic  acid  is,  however, 

^   Kundt   and    AVarburg,    Pofjf(j.    Ann.,    vols.    civ.    and   clvi.  ;    and  Journal  de 
Physique^  vol.  v.  p.  118,  1676. 
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unsatisfactory,  as  it  depends  on  the  ratio  of  the  two  specific  heats, 
which  varies  with  the  temperature,  and  the  theory  does  not  take  this 
into  account. 

The  estimation  of  the  absolute  values  of  the  conductivities  required 
a  knowledge  of  the  thermal  capacity  of  the  thermometer,  and,  as  this 
was  not  accurately  determined,  numerical  results  were  not  deduced. 
The  value  for  air  was,  however,  set  down  at  0*000048  in  the  C.G.S. 
system  of  units. 

Stefan  ^  observed  the  cooling  of  a  thermometer  furnished  with 
a  double  envelope  of  copper  and  brass.  The  air  between  the  two 
envelopes  was  thus  heated  by  the  interior  and  cooled  by  the  exterior 
surface.  The  temperatures  of  these  surfaces  being  known,  and  the  rate 
of  cooling  being  determined,  the  flow  of  heat  through  the  layer  of  air 
can  be  deduced  and  the  conductivity  evaluated.  The  number  found 
in  this  manner  for  air  was  0*000056,  which  is  20,000  times  less  than 
that  of  copper.  The  dynamical  theory  led  Maxwell  to  the  number 
0*000055.  Stefan  also  foimd  that,  in  accordance  with  theory,  Uie 
conductivity  was  independent  of  the  pressure,  and  that  the  conductivity 
of  hydrogen  was  seven  times  greater  than  that  of  air.  The  effect  of 
radiation  is,  however,  neglected  in  the  foregoing,  and  this  renders  the 
value  of  K  somewhat  too  high. 

The  value  deduced  by  Winkelmann-  was  0*000052,  and  the  varia- 
tion with  temperature  was  expressed  l)v  the  formula — 

K^Ko(l +0-00277^). 

According  to  theory,  however,  the  conductivity  should  vary  as  the 
square  root  of  the  absolute  temperature,  and  this  result  in  itself  is 
obvious,  for  under  given  circumstances  the  ([uantity  of  energ\'  trans- 
ported across  any  stratum  of  the  gas  will  be  proportional  to  the 
average  velocity  of  translation,  and,  as  we  have  already  seen,  this  is 
proportional  to  the  square  root  of  the  absolute  temperature. 

It  is  not,  however,  any  part  of  our  design  to  investigate  the  kinetic 
theory  of  gases  fully  in  this  place,  so  we  shall  at  present  consider  only 
the  following  very  simple  case. 

322.  Simplest  Case  of  Molecular  Convection. — If  the  molecules  of 
a  gas  be  regarded  as  a  system  of  equal  and  perfectly  elastic  spheres>, 
and  if  the  collisions  between  them  be  supposed  to  be  all  direct,  then  if 
their  size  and  mutual  attractions  be  neglected,  it  follows  that  after 
collision  any  pair  of  molecules   have  merely  interchanged  velocities, 

*  Stefan,  Sitzinujsherichtr  der  IVuncr  Akadentic,  vol.  Ixv.  p.  42;  2iYi^  Journal df 
Physique^  torn.  ii.  p.  147,  1873. 

-  A.  Winkelmann,  Pogg,  Ann.,  vol.  clvi.  p.  497,  187r>  ;  vol.  clix.  p.  177,  1S76. 
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and  if  the  time  spent  in  colb'sion  is  vanishingly  small,  the  result  is  the 
same  as  if  each  molecule  had  pursued  its  course  without  interruption. 
These  suppositions  (which  are  made  in  the  simple  form  of  the  dynamical 
theory)  are  consequently  equivalent  to  assuming  that  the  molecules 
move  about  independently,  and  are  unimpeded  in  their  courses  by 
collisions  or  by  any  other  mutual  action. 

Under  such  circumstances,  if  a  gas  is  enclosed  between  two  parallel 
planes  A  and  A'  at  a  distance  I  from  each  other,  and  if  the  temperatures 
of  these  planes  are  0  and  6^,  then  each  molecule  after  impinging  on  A 
will  recede  from  it  and  approach  A'  with  a  velocity  u  determined  by  $, 
while  after  impact  with  A'  it  will  rebound  and  approach  A  with  a 
velocity  u  determined  by  ^.  By  this  means,  if  we  suppose  6  greater 
than  8",  there  will  be  a  convection  of  energy  from  A  to  A'  by  the 
molecules,  and  the  amoimt  transferred  in  this  manner  per  unit  area  per 
second  may  be  easily  calculated.  For  w  being  the  component  velocity 
perpendicular  to  the  planes,  the  time  of  a  journey  from  A  to  A'  will  be 
I  lit,  while  the  time  of  return  from  A'  to  A  will  be  lln\  hence  the  whole 
time  of  the  double  journey  (neglecting  the  time  of  rebound)  will  be 

-  +  -' 

U       1/ 

and  therefore  the  number  of  such  journeys  performed  by  each  molecule 
per  second  will  be 

uu 


l{v  +  u')' 

But  if  m  be  the  mass  of  a  molecule,  the  energy  transferred  by  each 
molecule  every  journey  will  be  hn{vr  -  ?/*-),  and  consequently  the 
energ}'  tranfserred  per  second  by  each  is 

uu'     ,     /  2       ^,,     muu  , 

l{u-iru'y    ^  '       21  ^  ' 

Hence,  if  there  are  n  molecules  per  unit  volume,  the  number  in  operation 
in  this  case  per  unit  area  of  the  planes  will  be  n/,  and  the  quantity  of 
energy  transferred  from  A  to  A'  per  unit  area  per  second  will  be 

muu'  '\   1     X  ft 

—      {u-u  )nl  =  \mnuu  {u  -  u  ;. 

Now  if  we  represent  u  -  u'  by  a  small  quantity  du,  the  energy  trans- 
ferred becomes 

^mnuMu,, 

and  if  we  write  v-  -  3RB  in  accordance  ^vith  Art.  55,  we  have 
2vdu  =  3R<f6,  and  this  expression  becomes 
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But  since  the  planes  are  at  a  distance  /  apart,  the  expression  for  the 
conductivity,  defined  as  in  Art.  299,  will  be 

<^  =  K  ^, 
therefore  we  obtain 

4 

K  is  here  expressed  in  work  units. 

When  the  size  and  mutual  collisions  of  the  molecules  ai'e  taken  into 
account,  the  investigation  becomes  much  more  complicated,  but  ihr 
foregoing  should  apply  approximately  to  the  case  of  two  planes  separated 
by  a  distance  ecjual  to  the  length  of  the  mean  free  path.  For  if  we 
consider  the  molecules  rebounding  from  the  plane  A,  then  when  each 
has  on  the  average  moved  over  the  length  of  the  mean  free  path  it 
will  collide  with  another  molecule  and  return  to  A  (the  impacts  being 
supposed  direct) ;  so  that  if  a  plane  be  drawn  parallel  to  A,  at  a 
distance  from  it  equal  to  the  meiiii  free  path,  the  molecules  in  this 
layer  may  be  regarded  as  remaining  permanently  in  it,  and  vibrating 
between  its  faces,  moving  in  one  direction  with  the  velocity  u  an<i 
returning  with  the  velocity  w'.  In  the  same  way  the  whole  mass  of 
gas  between  the  planes  A  and  A'  may  be  regarded  as  divided  into  a 
system  of  layers,  each  of  a  thickness  equal  to  the  mean  free  path,  and 
the  niolccules  in  each  layer  may  be  regarded  as  remaining  permanently 
in  iho  lavtT,  in  a  state  of  statioiiarv  vibration  between  its  faccN 
instead  of  niovinir  through  the  whole  mass  from  A  to  A'. 

Hence,  if  we  take  /  in  the  above  expression  for  K  to  be  the  mean 
free  path  of  a  molecule,  then  in  the  case  of  air  at  0*^  C.  and  76  cm. 
we  have,  in  the  (\(1.S.  system, 

and  /////     /)     OOOI'JO.'^,  which  give,  on  reduction  to  heat  units, 

K  ^  0  -OOOO.'i. 
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SECTION  I 

THE   FIRST   FUNDAMENTAL   PRINCIPLE 

323.  The  First  Law  and  the  Energy  Equation. — The  modem 
science  of  thermodynamics  is  based  on  two  fundamental  principles,  both 
of  which  relate  to  the  conversion  of  heat  into  work.  The  first  of  these 
is  the  principle  of  equivalence  established  by  Joule,  and  is  represented 
algebraically  by  the  equation 

W  =  JH. 

This  principle,  which  is  known  as  the  first  law  of  thermodynamics, 
asserts  that  when  work  is  spent  in  producing  heat,  the  quantity  of 
work  spent  is  directly  proportional  to  the  quantity  of  heat  generated, 
and  conversely,  that  when  heat  is  employed  to  do  work  a  quantity  of 
heat  disappears  which  is  the  equivalent  of  the  work  done.  This  con- 
ception is  derived  from  the  dynamical  theory,  according  to  which  heat  is 
regarded  as  a  form  of  energy,  and  consequently,  when  work  is  done  by 
thermal  agencies,  or  heat  generated  by  the  expenditure  of  work,  the 
quantity  expended  of  either  is  the  equivalent  of  the  quantity  generated 
of  the  other  in  accordance  with  the  general  principle  of  the  conserva- 
tion of  energy. 

Let  us  now  consider  the  various  departments  in  which  a  quantity 
of  heat,  when  communicated  to  any  body,  may  expend  itself.  In  the 
first  place,  a  portion  of  it,  but  not  necessarily  all,  may  be  employed  in 
raising  the  temperature  of  the  l)ody.  This  portion  is  spent  according 
to  the  dynamical  theory  in  increasing  that  energy  known  as  the 
sensible  heat  of  the  body.  The  increase  of  temjierature  is  in  general 
accompanied  by  increase  of  volume,  and  as  a  consequence  work  will  be 
expended  in  two  departments.  For  if  the  body  be  subject  to  external 
forces,  work  will  be  done  by  or  against  these  forces  while  the  volume 
is  changing.  This  is  termed  the  external  worh  For  example,  if  the 
body  be  subject  to  a  uniform  pressure  p,  the  work  done  against  this 
external  pressure  during  an  expansion  dv  will  be  pdi\  So  also  work  will 
be  done  against  internal  forces,  such  as  molecular  attractions ;  while  the 
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volume  or  state  is  changing,  and  the  amount  of  heat  expended  in  the 
performance  of  this,  infernal  work  as  it  is  called,  may  be  a  considerable 
portion  of  the  whole.  Under  the  head  internal  work  may  also  be 
placed  the  Hrst-mentioned  increase  of  molecular  energy  or  increwe 
of  sensible  heat  of  the  bod  v. 

Thus  if  the  internal  energy  of  the  body  be  denoted  by  U,  and  if 
this  embraces  both  the  kinetic  and  potential  energies  of  the  molecules, 
the  heat  supplied  to  the  body  will  be  expended  in  two  departments — one 
in  doing  external  work,  and  the  other  in  altering  the  internal  energy 
of  the  body.  Hence,  if  the  external  work  done  is  dW^  and  if  the 
change  of  internal  energy  is  </U,  when  a  quantity  of  heat  rfQ  is 
given  to  a  body,  we  have 

</Q=(/r+rfW ;i 

The  symbol  J  being  avoided  by  expressing  dQ  in  work  units 
(ergs). 

The  quantity  of  heat  dQ  is  regarded  as  |)ositive  when  given  to  the 
body,  and  negative  when  taken  from  it.     Under  these  circumstances 
the  work  dW  must  be  regarded  as  jjositive  when  done  by  the  body, 
and  negative  when  done  on  it,  in  accordance  with  equation  (1),     A\Ti60 
xternal  the    external    work    is  introduced  by  ordinary  mechanical  reactions^ 
ork.      resistance    to  distortion,  etc.,  the  expression  for  dW   takes  the  usual 
form  of  .stress  nuiltii)lio(l  \>v  .strain,  but  work  ma\'  be  done  hv  a  svstem 
in  many  other  way.'*.      For  example,  a  li([uid,  in  altorinij  the  area  of  its 
surface,   is  subject  to  c^ipillary   forces,  and  if  T  denotes    the   surface 
tension,  and  (/S   an  element   of  surface,  the  expression  for  (AV  in  this 
ca.se  is  T'/S.      So  also  work  may  be  done  in  consequence  of  electric  or 
magnetic  forces  when  electrified  or  magnetised  matter  is  moved  froEi 
places  of  lower  to  places  of  higher  potential.      Thus,  if  a  quantity  f'.' 
of  electricity   is  moved  from  a  place  of  zero  potential   to  a  place  :it 
potential   V,  the  expression   for  dW   is  Vdq.     If,  however,  energy  1"^ 
given   to    external    systems    only   by    work   done    against   a    uniform 
normal  pressure  y>,  then  dW  ^  jHh\  and  the  energy  equation  becomes 

324.  Remarks  on  the  Energy  Equation — Cyclic  Transformations. 

—In  general  for  every  substance  there  is  some  chai*acteristic  equation 
connecting  the  volume,  pressure,  and  temperature,  so  that  when  any 
two  of  these  (piantities  are  known,  the  third  is  completely  determined 
For  this  reason,  when  the  condition  of  a  substance  is  representee! 
graphically,  as  in  Art.  69,  the  j)ressure  and  volume  being  known, 
the  temperature  coYves\>ouding  to  any  point  A  (Fig.    209)  become 
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determinate,  and  the  state  represented  by  the  point  is  unique.^  Hence 
we  may  assume  that  the  internal  energy  U,  which  appears  in  the 
energy  equation,  is  completely 
determined  for  any  state  by  the  co- 
ordinates of  the  point  which  repre- 
sents that  state  in  the  diagram. 

This  is  expressed  by  saying  that 
the  internal  energy  U  correspond- 
inLj  to  any  state  A  is  a  function  of 
the  co-ordinates  which   define  the 

state,  and  consequently  the  change  of  internal  energy  in  passing  from 
any  sUite  A  to  another  stiite  B  will  depend  only  on  the  points  A  and  B, 
and  in  no  way  on  the  nature  of  the  transformation  by  which  the  body 
may  pass  from  A  to  B.  In  other  words,  if  a  substance  be  brought 
from  any  state  A  to  any  other  state  B,  through  any  series  of  trans- 
•  formations  represented  by  the  jmth  AMB,  the  change  of  internal  energy 
depends  only  on  the  co-ordinates  of  A  and  B,  being  independent  of  the 
nature  of  the  path  AMB.  The  assumption  made  here  is  merely  that 
if  a  body,  after  passing  through  any  series  of  transformations,  be 
brought  l)ack  again  to  its  initial  condition,  its  internal  energy  will  be 
the  same  at  the  end  of  the  cycle  as  at  the  beginning,  whether  it  retiu'ns 
to  its  initial  condition  by  the  same  path,  AMB,  as  it  set  out,  or  by  a 
diflTerent,  ANB.  This  amounts  to  saying  that  U  at  any  point  is  a 
single  valued  function  of  the  co-ordinates  of  the  point,  or  ttat  t/U  is  a 
perfect  diffenntiah 

On  the  other  hand,  the  external  work  done  during;  anv  transforma- 
tion  depends  not  only  on  the  initial  and  final  conditions  of  the  sub- 
stance, but  also  on  the  nature  of  the  intermediate  operations.  For,  as 
has  been  shown  (Art.  69),  the  external  work  performed  in  passing  from 
the  state  A  to  the  state  B  along  the  path  AMB  is  represented  by  the 
area  AMBB'A',  so  that  the  external  work  is  not  known  unless  the 
shape  of  the  curve  AMB,  or  the  relation  connecting  the  volume  and 
pressure  throughout  the  transformation,  is  known.  In  other  words, 
W  is  not  determined  by  the  initial  and  final  co-ordinates,  and  d\\  is 
not  a  •perfect  differential.  The  work  done  during  any  transformation 
depends  on  the  nature  of  the  transformation  from  beginning  to  end, 
and  in  ortler  to  estimate  it  we  require  not  only  a  knowledge  of  the 
initial  and  final   states,   but  also  some  subsidiary   relation,   such  as 

*  An  ambi^iity  arises  when  more  than  one  value  of  the  temi>erature  can  exist 
for- the  flame  values  of  the  {iressure  and  volume  ;  so  al»o  in  the  case  of  a  liquid  and 
its  saturate^l  vajwur,  the  pressure  is  a  function  of  the  temperature  alone,  and  tlie 
volume  within  certain  limits  is  indejMjndent  of  both. 
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« 

f(p,v)  =  0,  connecting  the  volume  and  pressure  throughout  the  tuns- 
formation. 

It  thus  appears  that  the  quantity  of  heat  supplied  to  a  bodj  in 
passing  from  the  state  A  to  the  state  B  depends  on  the  nature  of  the  tnni- 
formation  by  which  it  is  brought  from  A  to  B  as  well  as  on  the  positiou 
of  these  points.  This  quantity  of  heat  consequently  cannot  be  ex- 
pressed, like  the  internal  energy,  in  terms  of  the  co-ordinates  of  A  and 
B,  but  requires  a  knowledge  of  the  subsidiary  relation  /(PfV)  =  0,  thatii 
the  shape  of  the  path  AMB.  Hence  dQ,  is  not  a  perfect  difiereniial.  In 
the  language  of  the  differential  calculus  this  is  expressed  by  saying 
that,  in  the  case  of  the  internal  energy  U,  we  have 


dx\dy)     'dy\dx)       ' 


where  x  and  y  are  the  independent  variables  chosen  to  determine  the 
condition  of  the  body.  But  in  the  case  of  the  quantity  of  heat  Q,  we 
have 


dx\dy)     d\j\dxj< 


According  to  the  caloic  theory,  however,  which  regarded  heat  as 
indestructiljle,  the  quantity  of  heat  supplied  to  a  body  in  passing  from 
any  state  A  to  any  other  state  B  must  depend  only  on  the  initial  and 

final  states,  and  not  on  the  nature  of  the  intermediate  transformations. 
According  to  this  theory,  then,  </Q  would  be  a  perfect  differential,  and 
the  external  woik  would  be  derived  from  the  heat,  not  by  using  up  an 
equivalent  quantity  of  it,  but  by  transferring  it,  unaltered  in  quantity, 
from  bodies  of  higher  to  bodies  of  lower  temperatures,  in  a  manner 
somewhat  analogous  to  the  way  in  which  work  is  obtained  b^'  allowing 
water  to  descend  from  ])laces  of  higher  to  places  of  lower  level. 

The  fact  that  (/Q  is  not  a  perfect  differential  according  to  the 
dynamical  theory  arises  therefore  from  the  principle  of  equivalence, 
according  to  which,  when  any  substance  passes  through  any  cycle  of 
transformations,  an  amount  of  heat  disappears  which  is  the  equivalent 
of  the  work  done,  and  if  the  substance  be  brought  back  to  its  initial 
condition  after  passing  through  a  complete  cycle  of  transformation,  a 
quantity  of  heat  represented  by  the  area  of  the  cycle  is  destroyed,  or 
generated,  according  to  the  direction  in  which  the  cycle  is  passed 
througli. 

>^^^25.  Integrating  Factor  of  the  Energy  Equation. — If  x  and 
//  be  any  two  independent  variables  which  detei*mine  the  condition  of 
a  body,  it  follows  that  (/Q  may  he  expressed  in  the  form 

(h)  -\d:r-^\dy (1) 
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where  X  and  Y  are  each  functions  of  x  and  y  \  but  since  c?Q  is  no.t  a 
perfect  differential,  dX/dy  will  not  be  equal  to  dV/dx.  The  left-hand 
side  of  this  equation  may,  however,  be  made  an  exact  differential  by 
multiplying  it  by  a  factor  /x,  which  is  some  function  of  x  and  y.  The 
quantity  fufQ  will  then  be  a  perfect  differential,  and  we  shall  conse- 
quently have 

or 

\dx     dy )     ^  dy         dx* 

an  equation  which  expresses  the  integrating  factor  fi  in  terms  of  X 
and  Y. 

The  relation  between  X  and  Y  may  be  deduced  by  comparing  (1) 
with  the  energy  equation.  For  since  U  and  W  are  supposed  express- 
ible in  terms  of  x  and  y,  we  have 

d\J=^dx-^^dy,       and  dW=X'dx  +  Y'dy. 
dx         dy  " 

But  by  the  energy  equation  we  have 


fd\5    ^,\  .      /d\5 
and  therefore 


.Q=("^.X')<ix.(f  +  Y').,. 


X='^"  +  X',     andY=^  +  Y'. 
dx  dy 

Hence,  since  dU  is  a  perfect  differential,  it  follows  that  we  must 
have 

or 

dj'      dy      dj'       dy 

In  the  particular  case  when  the  only  external  force  is  a  uniform 
normal  pressure  jp,  and  in  which  the  independent  variables  which 
determine  the  condition  of  the  body  are  p  and  r,  we  have 

dQ  =  ljdv  +  Mdp, 

where  L  is  the  heat  of  dilatation  or  the  quantity  of  heat  absorbed  by 
the  body  under  constant  pressure,  while  its  volume  changes  by  unity, 
and  M  is  the  quantity  of  heat  required  to  change  the  pressure  by 
unity  when  the  volume  is  kept  constant.  Hence  if  /*  is  the  integrating 
factor 
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But  by  the  energy  equation 


Therefore 


dQ  =  -j-  dp  +  -j-dv+  pdv. 
dp  '^     dv 

r     dV  ,  ,,     rfU 

h=-i-+p.      and  M—  ^ 
dv     ^  dp 


Hence,  since  U  is  a  perfect  differential,  we  have 

dh    dM_ 

■m  ~\  1.  •  •  .  .  .  .0, 

dp     av 

as  the  relation  between  L  and  M. 

Using  this  result  equation  (2)  becomes 

dfi         dfi 
^  =  ^^d-v-^dp^ 

which  expresses  /x  in  terms  of  L  and  M. 

CoH.  In  the  case  of  a  perfect  gas  an  integrating  factor  is  the 
reciprocal  of  the  temperature  6  measured  from  the  zero  of  the  perfect 
gas  thermometer.  For  in  the  case  of  a  perfect  gas  the  energy  equation 
is  (Art.  159) 

Therefore 

-^-C.^-4-R^, 

and   the  right-hand    member  of   this  equation  is  obviously  an  exact 

differential.      Hence  (/Q  0  is  a  perfect  differential. 


I'J.ranijtles 

1.    If   tliore    is   one  integrating   fartdr  of  tH),   show  that  there   are  an  infmit-r 
number. 

{If  M  is  an  inti'gifiting  factor  of  d<},  tlien 

Hilt  if  •!>  1m'  :iny  function  of  0.  we  have 

<l>  =  /'(0  ,     and  d^=/\<p)d<p, 
coiisr(juentlv 

/j./'{(p)di)=r{<p)d(P  =  d'P, 

so  tliat  the  factor  /jtf{<p,  also  renders  (H>  i\  perfr'et  differential.} 

'2.    Denoting  the  sjjecific  heat.s  at  constant  pressure  and  constant  volume  hy  C. 
and  (\.  res]>ei"tivcly,  prove  that  in  dyimniic-al  units 

[Since  V  is  eoni])let(ly  ih'terinined  )»y  tlie  variables  r  and  (*,  we  have 
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Hence,  as  is  othei*wise  directly  obvious, 

\d0),-  '~\d0); 

aiid  similarly  by   taking  p  and  0  as  indci>eudeut  variables  we  obtain  the  second 
relation. 

In  the  ease  of  a  perfect  gas  U  is  a  function  of  0  alone,  and  hence 


( 


f/U\   _/rfU\  _ 


so  that  the  second  relation  becomes  C^-  C,=  R.} 

8.  A  gas  changes  its  volume  from  r^  to  1^21  ^^  constant  temperature,  find  the 
quantity  of  heat  absorbed. 

{Since  the  temperature  is  constant  the  energy  equation  dQ  =  Cyd0  +  pdv  becomes 

ffv 
rfQ  =  «rfr  =  Re-- 

Hence  the  heat  absorbed  is  (in  dynamical  units) 

Q  =  RGlog(r2/t'i). 

From  this  relation  it  follows  that  if  the  isothermal  changes  of  a  gas  are  such  that 
the  quantities  of  heat  absorbed  or  evolved  form  an  arithmetical  progression,  the 
corresponding  changes  of  volume  form  a  geometrical  j)rogre8sion.^ 
The  above  equation  may  also  be  written  in  the  form 

so  that  if  this  refers  not  to  unit  mass  of  the  gas,  but  to  that  quantity  wliich  assumes 
a  volume  Vi  under  a  pressure  pj,  the  equation  contains  nothing  depending  on  the 
nature  of  the  gas.  This  equation  was  employed  by  Joule  in  one  of  his  determinations 
of  J.} 

4.  Determine    the   w^ork   done   when   a  gas   is   compressed   adiabatically   from 

Pi^'i  ^^  7V2- 
{We  have 

5.  Prove  that  the  areas  included  between  the  adiabatic  lines  of  a  perfect  gas  and 
the  axis  of  volume  are  equal  if  measured  from  the  [joints  where  they  are  intersected 
by  any  isothermal. 

{This  follows  from  the  property  that  the  internal  energy  of  a  i>erfect  gas  is  a 
function  of  the  tem[)erature  only.} 

(5.  If  M  is  an  integrating  factor  of  dQ,  prove  that  taken  round  any  closed  cycle 


/ 


fidQ  =  0. 


{Since  iJLdQ  =  d<p,  it  follows  that  the  value  of  tlie  integral  taken  along  any  curve 
joining  two  points  p^Vi  and  ^2*  2  ^^  simply  <p^-<p2  where  0,  is  the  value  of  <p  at  PiVi^ 
and  02  its  value  at  j9oV2.     When  the  cycle  is  closed  0,  =  02- } 

7.  If  a  substance  has  attained  its  maximum  density  under  a  given  jiressure,  prove 
that  the  tangent  plane  to  the  characteristic  surface  at  the  corresponding  ])oint  is 
parallel  to  the  axis  of  temperature. 

*  This  result  was  arrived  at  by  Carnot,  Motive  Power  of  Heat,  p.  81,  English 
edition. 
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{If  the  characteristic  equation  be,/Kp,  t\  $)-0,  then  under  constant  prewurewt 
have 

dS     dvde 

But  if  the  density  is  a  maxinmin  dv/dd  =  0  ;  therefore  at  the  corresponding  |)oint  w 
have  d//dd-=0^  which  was  to  be  proved. 

The  locus  of  these  }K)ints  is  a  curve  on  the  characteristic  surface  which  obviously 
divides  it  into  two  parts,  such  that  the  projection  of  one  on  the  plane  pr  is  iIk 
same  as  tliat  of  the  other.  Hence  it  follows  that  every  cunre  on  tlie  characteristic 
surface  which  cuts  this  locus  projects  on  the  plane  pv  into  a  curve  touching  the  pro- 
jection of  the  hKJus,  and  consequently  two  curves  which  intersect  on  it  project  iuw 
two  which  touch  each  other,  f 


SECTION    II 


THE   SECOND   FUNDAMENTAL  PRINCIPLE 


c. 


326.  The  Work  of  Sadi  Camot. — At  the  time  when  Sadi  Carnot 
wrote  his  celebrated  essay  (1824)  on  "The  Motive  Power  of  Heat,"^ 
the  works  of  Rumford  and  Davy  had  been  completed,  and  the  undu- 
latory  theory  of  light  was  regarded  as  established  by  weighty  argu- 
ments in  every  department,  yet  the  caloric  theory  of  heat  still  held  its 
ground,  and  the  scientific  world  remained  to  be  converted  to  the 
new  doctrine.  The  introduction  of  the  steam-engine,  and  the  great 
industrial  revolution  which  accompanied  it,  attracted  attention  to  the 
manner  in  which  work  may  be  produced  by  heat ;  and  it  was  in  seek- 
ing to  discover  the  general  laws  which  govern  the  action  of  heat- 
engines,  that  Carnot  was  led  to  some  of  those  forms  of  reasoning  which 
are  still  continually  employed  in  the  dynamical  theory. 

Before  the  time  of  Carnot  no  relation  seems  to  have  been  suspected 
between  the  work  performed  by  a  steam-engine  and  the  heat  drawn 
from  the  furnace.  In  seeking  to  establish  this  relation  Carnot  based 
his  work  on  the  doctrine  of  the  conservation  of  energy,  or  the  impossi- 
bility of  perpetual  motion ;  and  although  in  conjunction  with  this  he 
espoused  the  doctrine  of  the  conservation  of  caloric,  yet  in  much  of 
his  work  the  latter  is  not  essential,  and  many  of  his  conclusions  remain 
true  on  any  theory  and  require  but  little  modification  to  adapt  them  to 
the  dynamical  theory.  It  is,  besides,  in  this  work  that  we  find  the 
first  examples  of  cyclic  operations  in  which  a  working  substance,  after 
passing  through  any  series  of  transformation,  is  brought  back  again  to 
its  initial  condition ;  and  it  is  only  for  such  a  cycle,  Camot  informs  us, 
that  we  are  entitled  to  reason  upon  the  relation  between  the  external 
work  done  and  the  heat  employed  in  its  production. 

In  fact,  as  we  have  already  mentioned,  if  a  substance  be  allowed  to 

*  Sadi  Camot,  Itdflexions  »ur  la  puissance  motrice  dufeu  et  sur  les  moyens  propres 
d,  la  divelopper  (translated  by  R.  H.  Thurston,  1890.  London :  Macmillan 
and  Co. ). 
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expand,  doing  external  work,  it  is  not  legitimate  to  assert  that  the  heat 
spent  is  the  equivalent  of  the  work  done  unless  the  substance  in  its 
iinal  state  is  in  exactly  the  same  condition  as  at  the  beginning ;  but 
when  the  substance  has  been  brought  back  to  its  initial  state,  we 
are  entitled  to  assert  that,  on  the  whole,  it  has  neither  lost  nor  gained 
energy,  and  we  are  then  in  a  position  to  reason  upon  the  external 
processes  that  have  taken  place,  and  to  determine  the  condition  of 
equivalence  among  them. 

Besides  this  conception  of  complete  cycles,  the  other  grand  idea 
introduced  by  Carnot  was  the  principle  of  reversibility — namely,  that 
by  the  expenditure  of  an  equal  quantity  of  work  the  heat  may  be 
taken  from  the  condenser  and  restored  again  to  the  source. 

In  spite  of  his  adoption  of  the  caloric  theory,^  Carnot  seems  to 
have  been  by  no  means  confident  of  its  truth,  and  in  his.  later  writings 
(which  unfortunately  remained  unpublished  until  recent  times)  he 
showed  that  he  was  thoroughly  convinced  that  it  was  false,  as  he  not 
only  espoused  the  dynamical  theory,  but  also  planned  several  experi- 
ments to  determine  the  equivalent  relation  between  heat  and  work, 
and  deduced  a  value  of  that  equivalent  probably  from  the  very  data 
employed  by  Mayer  in  1842.  That  Carnot  was  finally  convinced  of 
the  truth  of  the  dynamical  theory,  and  that  he  had  also  conceived  the 
great  principle  of  the  conservation  of  energy  in  its  general  form,  is 
distinctly  ])roved  by  the  following  passages  taken  from  his  notes, 
written  wlieii  the  wave  theory  of  light  had  just  triumphed  : — 

"At  ])it'.seiit  lig)it  is  gciu'rally  re^'arded  as  a  vibratory  motion  of  the  etheival 
tluid.  Light  [>ro<luL't'.s  lieat,  or  at  loast  accompanies  the  radiating  heat,  and  moves 
with  the  same  velocity  as  heat.  Radiating  heat  is  then  a  vihratory  movement.  It 
wouM  Ih*  ridicidous  to  suppose  tliat  it  is  au  emission  of  matter  while  the  light  which 
aec«>mj>anics  it  could  be  only  a  movement. 

"Could  a  motion  (that  of  radiating  heat)  produce  matter  (caloric)  ? 

"No,  undoubtedly  ;  it  can  only  pioduce  a  motion.  Heat  is  tlien  the  result  of  a 
motion. 

*'  It  is  then  plain  that  it  could  be  produced  by  the  consumption  of  motive  }Kiwi»r, 
and  tliat  it  couhl  produce  this  power. 

'•  Heat  is  simply  motive  j»ower.  or  lather  motion  which  has  changed  form.  It  is 
a  movement  among  the  particles  of  bodies.  Wherever  there  is  a  destruction  of 
motive  jn)wer,  there  is  at  the  same  time  production  of  heat  in  quantity  exactlv  pro- 
portional to  the  (|uantity  of  motive  ])ower  destroyed.  Reciprocally,  wlienever  there 
it^  destruction  of  heat,  there  is  production  of  motive  power. 

'*  We  can  then  establish  the  general  proposition  that  motive  power  is  in  quantity 


^  It  is  interesting  to  not<'  that  oi  the  two  principles  adopted  by  Carnot,  viz.  the 
impossibility  of  ]>er[>etual  m«)tion  an«l  the  conservation  of  caloiic,  the  former  was  bv 
no  nit'ans  generally  received  at  the  time,  while  the  latter  was  generally  admitted  as 
true.  At  present  the  former  is  universally  admitted  as  true,  wliile  the  latter  is  *s 
generally  believed  to  be  false. 
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invariable  in  nature — that  it  is,  correctly  speaking,  never  either  produced  or  destroyed. 
It  is  true  that  it  changes  form — that  is,  it  produces  sometimes  one  sort  of  motion, 
sometimes  another,  but  it  is  never  annihilated." 

These  words  prove  that  some  time  before  his  death  (in  1832) 
he  was  not  only  convinced  of  the  truth  of  the  dynamical  theory  of 
heat,  but  that  he  had  also  grasped  the  law  of  conservation  of  energy 
in  its  widest  form.  "  Motive  power,"  he  says,  "  is  in  quantity  in- 
variable in  nature;  it  is,  correctly  speaking,  never  either  produced 
or  destroyed." 

Working  on  the  caloric  theory,  however,  he  postulated  that  in  the 
steam-engine  and  other  heat-engines  the  work  is  performed  not  by 
an  actual  consumption  of  caloric,  which  was  opposed  to  the  doctrine 
of  the  materiality  of  heat,,  but  *^  to  its  transportation  from  a  hot  body 
to  a  cold  body.'*  Thus  by  the  fall  of  heat  from  a  higher  to  a  lower 
temperature  he  supposed  work  to  be  done  in  a  manner  in  some  way 
analogous  to  that  in  which  work  is  obtained  by  allowing  water  to  fall 
from  a  higher  to  a  lower  level.  In  the  latter  case  the  quantity  of  water 
which  reaches  the  lower  level  is  the  same  as  that  which  leaves  the 
higher ;  none  of  the  water  is  destroyed  in  performing  any  work  which 
it  may  be  employed  to  do.  It  is  the  motion  acquired  in  falling  that 
is  used  up  in  doing  work.  The  work  derived  from  a  heat-engine  was 
supposed  to  be  produced  in  a  somewhat  similar  manner,  the  quantity 
which  reached  the  condenser  being  supposed  the  same  as  that  which 
left  the  source.  Thus  the  work  was  done  by  the  caloric  in  flowing 
from  a  hot  to  a  cold  body,  and  in  doing  the  work  it  was  supposed, 
like  the  water,  to  be  wholly  or  partially  brought  to  rest.  This  Carnot 
speaks  of  as  "  the  re-establishment  of  equilibrium  in  the  caloric." 

One  of  the  chief  points,  however,  is  the  recognition  by  Carnot  of 
the  necessity  in  all  engines  by  which  work  is  continuously  derived 
from  thermal  agencies,  of  two  bodies  at  different  temperatures,  that  is 
a  source  and  a  condenser,  or  the  passage  of  heat  from  one  body  to 
another  at  a  lower  temperature. 

327.  Camot's  Cycle. — Carnot's  work  failed  to  attract  attention 
until  ten  years  after  its  publication,  when  it  was  brought  into 
prominence  by  Clapeyron,^  who  cleared  up  most  of  what  remained 
obscure  in  Camot^s  reasoning,  and  exhibited  it  in  a  more  elegant  form 
by  representing  the  various  transformations  geometrically  by  means 
of  indicator  diagrams.  The  cycle  which  Carnot  supposed  his  working 
substance  to  traverse  when  geometrically  represented  consists  of  a 
four-sided  figure,  ABCD  (Fig.  210)  l)ounded  on  two  opposites  sides, 

*  Clapeyron,   Journal  de  r£coh'  poly  technique,  torn,  xiv.,  1834.     Translated  in 
Taylor's  Scientific  Memoirs,  i>art  iii. 
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AD  and   BC,   by  isothermal   lines,   and   on  the   remainiDg  pair  bj 
adiabatic  lines. 

The  working  substance  is  taken  in  the  state  represented  by  the 

point  A,  and  being  contained  in  a  non- 
conducting vessel,  is  allowed  to  expand 
adiabatically — that  is,  without  thermal 
communication  with  other  bodies — until 
it  reaches  the  state  B.       During  this 
operation    external    work,    represented 
by  the  area  ABB' A',  is  done  by  the 
substance,    and    its    temperature    falls 
from  ^  to  ^.      The  next  operation  is 
an  isothermal   compression   along  the 
curve  BC  to  some  arbitrary  point  C. 
During    this   stage   work    represented 
by   the  area  BCC'B'  is    done    on  the 
substance,  and  as  the  temperature  is  supposed  to  be  kept  constant, 
the  heat  developed  by  the  compression  must  be  removed  as  fast  as 
it  is  generated.     Let  the  quantity  thus  removed  be  Q'.     The  third 
operation  is  an  adiabatic  compression  of  the  substance   from  C  to 
D  until  the  substance  regains  its  original  temperature  ^,  so  that  D  is  on 
the  isothermal  line  which  passes  through  A.     During  this  operation, 
work,  represented  by  the  area  CDD'C,  has  been  done  on  the  substance 
while  its  temperature  has  been  raised  from  $"  to  0.     The  fourth  and 
last  operation  is  the  isothermal  expansion  of  the  substance  from  D  to 
the    starting-point    A.       During   this    transformation    the    substance 
expands,  doing  external  work  represented  by  the  area  DAA'D',  while 
in  order  to  keep  its  temperature  constant  a  quantity  of  heat  Q  must  be 
absorbed  from  some  external  source.     This  quantity,  if  no  hypothesis 
be  made   concerning  the   nature  of   heat,  may  be  either  equal  to  or 
different  from  the  quantity  Q'  evolved  by  the  substance  during  the 
isothermal  compression  BC. 

If  the  caloric  theory  be  admitted,  then  Q  must  be  equal  to  Q',  and 
regarding  the  cycle  as  a  whole,  an  amount  of  work  represented  bv  the 
area  DABB'D'  has  been  done  by  the  substance,  while  DCBKD'  has 
been  done  un  it,  leaving  a  balance  represented  by  the  area  of  the  fi<mre 
ABCD  as  the  work  gained  during  the  cycle. 

So  far  the  whole  process  is  independent  of  any  theory  of  heat,^  and 

^  The  cycle  described  heie  is  virtniilly  that  <^iveii  by  Carnot  in  his  original  ess»y. 
He  be«^ins  it  with  tlie  julial^atic  operation  AB,  and  terminates  with  the  isotliernial  DA. 
As  usually  di-scribed  it  would  a]»pear  as  if  Carnot's  account  required  correction  and 
modification  to  a«la]>t  it  to  the  dynamieal  theory.  The  cycle  described  bv  Carnot  is 
independent  of  all  theory;  he  merely  (h»scribes  a  series  of  transformations  throuch 
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must  stand  intact  whatever  theory  be  adopted.  The  substance  has 
simply  passed  through  a  cycle  of  operations,  and  has  now  returned  to 
its  initial  condition.  If  Q  =  Q',  as  Carnot  taught,  the  work  has  been 
obtained  simply  by  the  flow  of  a  quantity  Q.  of  heat  from  a  temperature 
^  to  a  lower  temperature  ff.  If,  on  the  other  hand,  the  dynamical 
theory  be  adopted,  a  quantity  of  heat,  equivalent  to  the  work  per- 
formed during  the  cycle,  must  have  disappeared.  In  other  words,  Q 
is  greater  than  Q',  and  the  difference  Q-Q'  has  been  converted  Q>Q'' 
into  work  represented  by  the  area  of  the  cycle.  This  conclusion  is 
in  strict  accord  with  all  experimental  investigation,  and  the  direct 
verification  in  the  case  of  the  steam-engine  has  been  already  noticed 
(p.  47). 

In  order  to  realise  such  a  cycle  it  would  be  necessary  to  enclose 
the  working  substance,  say  a  gas,  in  a  non-conducting  cylinder  fitted 
with  a  non-conducting  piston  and  a  perfectly-conducting  bottom.  We 
must  also  be  provided  with  two  bodies  which  can  be  maintained  at 
constant  temperatures  B  and  ff. 

In  the  first  operation  the  cylinder  must  be  placed  on  a  non-con- 
ducting support,  and  the  substance,  supposed  to  be  initially  at  the 
temperature  ^,  is  allowed  to  expand  without  loss  or  gain  of  heat  until 
its  temperature  falls  to  &,  The  cylinder  is  then  removed  from  the 
support  and  placed  with  its  conducting  bottom  in  contact  with  the 
body  at  temperature  B\  The  second  operation  is  now  commenced, 
and  the  substance  is  compressed  while  its  temperature  is  maintained 
constantly  at  &. 

In  any  actual  operation,  of  course,  the  temperature  of  the  working 
substance  would  exceed  that  of  the  body  to  which  it  yields  its  heat, 
but  by  compressing  very  slowly  this  difference  can  be  made  as  small 
as  we  please.  Again,  the  working  substance  is  supposed  to  yield 
its  heat  to  a  body  constantly  at  the  same  temperature  S\  and  this 
would  require  the  body  to  have  an  infinite  capacity  for  heat,  or 
else  to  be  maintained  in  some  way  constantly  at  the  same  tempera- 
ture ff  by  internal  or  external  transformations.  The  second  trans- 
formation of  the  cycle  is  consequently  like  the  first,  only  an  ideal 
limit  which  may  be  approached  but  not  attained  in  practice.  This, 
however,  will   not  invalidate   the  adoption   of  such  a  cycle  in   our 

which  the  working  substance  passes.  It  is  in  the  subsequent  deductions,  founded 
on  some  postulate  as  to  the  manner  in  which  work  is  obtained  from  heat,  that  the 
theory  comes  in.  The  corrections  to  Carnot's  work  introduced  by  James  Thomson 
and  Maxwell  are  consequently  not  only  unnecessary,  but  are  an  injustice  to  the 
illustrious  author  of  The  Motive  Power  of  Ileal,  and  no  doubt  they  were  proposed 
at  a  time  wlien  Carnot's  work  was  learned  by  report  rather  than  by  consultation 
of  the  original. 
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reasoning  concerning  heat-engines.     It  merely  furnishes  us  with  an 
ideal  type  to  which  we  can  only  approximate  in  practice. 

The  third  operation  is  conducted  like  the  first  by  placing  the  cylinder 
on  the  non-conducting  stand  and  compressing  until  the  original  tem- 
perature 6  is  regained.  The  cylinder  is  then  placed  in  contact  with 
the  other  body  or  source  of  heat  at  temperature  ^,  and  the  working 
substance  is  allowed  to  expand  while  heat  is  supplied  to  it  as  required 
in  order  to  keep  its  temperature  constant. 

The  characteristic  of  the  cycle,  which  must  be  carefully  kept  in 
view  in  order  that  it  may  be  reversible,  is  that  the  working  substance 
parts  with  heat  to,  and  takes  in  heat  from,  bodies  at  the  same  tem- 
perature as  itself.  There  is  no  passage  of  heat  by  conduction  from 
one  body  to  another  at  a  lower  temperature.  The  transference  of 
heat  between  the  working  substance  and  any  other  body  is  such  that 
this  substance  and  the  body  in  question  are  at  the  same  temperature 
while  the  transference  is  taking  place. 

Further,  all  the  heat  absorbed  by  the  working  substance  is  taken  in 
at  one  temperature  and  all  the  heat  given  out  is  ejected  at  another. 
There  are  thus  only  two  temperatures  involved,  and  this  renders  the  cycle 
the  simplest  possible  representation  of  a  heat-engine,  just  as  the  simplest 
representation  of  an  engine  worked  by  water  power  would  be  the  case  in 
which  the  water  is  all  received  at  one  level  and  all  ejected  at  another 
— for  example,  the  ciise  of  a  water  wheel  in  which  there  is  no  leakage. 

An  examination  of  the  foregoing  cycle  shows  that  it  is  rumihk — 
Reversible-  that  is,  if  the  working  substauce  be  made  to  traverse  it  in  the  opposite 
^^^  ^'  direction,  the  operations  will  be  all  repeated  in  the  inverse  onler  and 
opposite  sense.  Thus  a  quantity  of  heat  Q  will  be  evolved  at  6  h\ 
the  working  suhstance  in  passing  from  A  to  D,  and  a  quantity  Q'  will 
be  absorbed  at  0'  in  passing  from  C  to  B,  while  during  the  complete 
cycle  an  amount  of  work  represented  by  the  area  of  the  cycle  is  done  on 
the  substance.  In  other  words,  by  the  expenditure  of  work  a  quantity 
of  heat  is  tiiken  in  at  the  lower  temperature  6\  and  another  quantity  i> 
evolved  at  a  higher  temperature  6',  or  heat  is  transpoited  from  a  cold 
body  to  a  hot  body  by  the  expenditure  of  work,  just  as  water  may  be 
transported  from  a  low  level  to  a  higher. 

The  process  by  which  heat  is  converted  into  work  is  said  tol)e 
reversible  when  the  series  of  changes  can  be  performed  in  the  reverse 
order,  the  forces  remaining  the  same,  but  the  velocities  being  of  opposite 
sign.  The  first  condition  of  reversibility,  of  course,  is  the  possibility 
of  causing  the  sul»stiince  to  pass  back  again  from  its  final  to  its  initial 
state  successively,  and  in  the  reverse  order  through  all  the  stages  passed 
through  iu  the  direct  process.     A  rcv^'rsihle  cngiue  is  one  in  which  the 
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working  substance  passes  through  a  reversible  cycle.  When  it  is  not 
possible  to  repeat  the  transfoimations  in  the  reverse  order,  or  when 
reversed  if  the  forces  are  not  equal  in  magnitude  to  those  which  occur 
at  the  same  point  in  the  direct  process,  the  transformation  is  said  to 
be  irreversible. 

0^  328.  Efficiency  of  a  Reversible  Engine — Carnot's  Theorem. — If 
we  define  the  efficiency  of  a  heat-engine  as  the  ratio  of  the  quantity 
of  work  W  done  during  a  complete  cycle  to  the  quantity  of  heat  Q 
drawn  from  the  source,  we  can  easily  show  that  the  efficiency  of  all 
reversible  engines  must  be  the  same,  and  that  this  is  the  major 
limit  to  the  efficiency  of  any  engine.  In  other  words,  no  engine  can 
be  constructed  having  an  efficiency  greater  than  that  of  a  reversible 
engine.  For  let  us  suppose  that  it  is  possible  to  construct  an  engine 
B,  which  has  a  greater  efficiency  than  a  given  reversible  engine  A. 
Then  if  A  draws  a  quantity  Q  of  heat  from  the  source,  and  perform? 
an  amount  of  work  W  during  each  stroke  of  the  piston,  it  will 
i-estore  a  quantity  Q  of  heat  to  the  source  when  worked  backwards 
by  the  expenditure  of  a  quantity  of  work  W,  since  it  is  supposed 
reversible.  Now  let  the  engine  B  draw  a  quantity  Q  of  heat  from 
the  source  during  each  stroke  (this  can  be  made  the  same  as  the 
(quantity  drawn  by  A  by  simply  altering  the  quantity  of  working 
substance  in  the  cylinder),  and  let  this  engine  perform,  if  possible, 
a  quantity  of  work  W'>W.  Then  B  may  be  employed  to  drive 
A  backwards,  and  in  addition  we  shall  have  a  quantity  of  work 
W  -  W  at  our  disposal,  which  can  be  employed  in  any  manner. 
Now  B  draws  Q  from  the  source,  and  A,  being  worked  backwards, 
restores  Q  to  it.  Consequently  the  compound  engine,  consisting  of 
A  and  B  working  together,  furnishes  us  with  a  quantity  of  work 
W  -  W  at  every  stroke,  while  no  heat  is  drawn  from  the  source. 
According  to  the  caloric  theory,  the  body  at  lower  temperature, 
that  is,  the  condenser,  will  also  be  unaffected,  so  that  we  have  an 
engine  which  would  supply  us  constantly  with  work  without  com- 
pensation of  any  kind — that  is,  we  have  perpetual  motion.  In  this 
manner,  by  assuming  the  impossibility  of  perpetual  motion,  Carnot 
proved  that  no  engine  can  have  a  greater  efficiency  than  a  reversible 
engine.  This,  then,  is  the  major  limit  to  the  efficiency  of  any  heat- 
engine,  and  it  follows  as  a  corollary  that  no  reversible  engine  can  have 
a  greater  efficiency  than  any  other  reversible  engine ;  or,  in  other 
words,  all  reversible  engines  working  between  the  same  limits  of 
temperature  must  have  the  same  efficiency.^ 

1  It  is  by  no  means,  however,  evident  a  priori  that  the  efficiency  of  a  reversible 
engine  should  be  independent  of  the  nature  of  the  working  substance.     Thus  ether 
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The  same  result  holds  also  according  to  the  dynamical  theory, 
when  a  suitable  hypothesis  is  made  concerning  the  conditions  under 
which  work  may  be  derived  from  heat.  Carnot's  hypothesis  was, 
as  we  have  already  seen,  that  work  is  obtained  by  simply  letting 
heat  pass,  unaltered  in  quantity,  from  a  hot  body  to  a  cold  body 
The  corresponding  hypothesis  necessary  under  the  dynamical  theory  is 
easily  deduced,  and  was  arrived  at  almost  simultaneously  by  Clausius 
and  Lord  Kelvin  in  slightly  different  but  equivalent  forms. 

Thus,  as  before,  let  us  suppose  that  an  engine  B  is  more  efficient 
than  some  reversible  engine  A,  and  let  B  work  A  backwards.  Then, 
according  to  the  dynamical  theory,  the  quantity  which  either  draws 
from  the  source,  when  working  direct,  exceeds  that  which  it  yields 
to  the  condenser  by  an  amount  which  is  the  equivalent  of  the  work 
done  during  the  cycle.  Hence,  if  A  and  B  be  so  constructed,  by 
suitably  arranging  the  quantity  of  the  working  substance,  that  they 
draw  the  same  quantity  of  heat  from  the  source  during  each  stroke 
of  the  piston,  then  if  B  does  more  work  than  A,  it  must  yield  less 
heat  to  the  condenser,  so  that  when  A  and  B  are  coupled  up  (A 
working  backwards)  the  source  will  remain  unaffected,  but  A  will 
draw  more  heat  from  the  condenser  than  B  yields  to  it.  There  wiD 
thus  be  a  quantity  of  work  W  -  W  derivable  from  the  compound 
engine  and  a  corresponding  withdrawal  of  heat  from  the  condenser. 
This  amounts  to  obtiiining  work  continuously  by  using  up  the  heat 
of  the  colder  of  two  bodies.  That  this  is  impossible  was  the  form 
in  which  Lord  Kelvin  stated  the  hypothesis.  In  other  words,  this 
hypothesis  asserts  that  the  manner  in  which  work  is  derived  from  heal 
is  by  using  up  the  heat  of  the  hotter  of  two  bodies,  a  quantity  Q 
being  drawn  from  this  body,  and  in  part  converted  into  work,  while 
the  remainder  is  yielded  to  the  colder  body. 

It  is  not,  however,  a  priori  evident  that  work  cannot  be  deriveri 
by  usin<^  up  the  heat  of  a  single  body,  or  bv  using  up  the  heat  of  the 
coldest  of  a  system  of  bodies.     That  all  engines  which  have  been  con- 


boils  at  35  ,  and  the  tension  of  its  vapour  at  90'  is  equal  to  that  of  water  at  l.>0\ 
while  to  ])ro(hKe  a  gramme  of  ether  vapour  recpiires  five  times  less  heat  than  a 
gramme  of  water  vapour,  therefore  ether  at  the  expense  of  much  less  heat  j»lac-es  a 
far  greater  pressure  at  the  tlispo^al  of  the  workman.  What  <-'ompensation  d<^ 
water  olfer  ?  Carnot  was  satisfietl  to  assert  that  any  incomplete  coiiipensatioii  would 
involve  the  possibility  of  per]>etual  motion.  Without  entering  into  a  full  disous-siou 
of  the  Tjuestion,  we  may  state  that  complete  compensation  does  take  place,  that 
although  a  much  greater  ]>ressure  for  the  same  expenditure  of  heat  is  obtained  with 
ether  vapoui\  yet  more  work  cannot  be  obtained,  for  work  requires  expansion, 
and  this  produces  cooling  and  conseipicnt  condensation,  so  that  in  this  oj>eratioii 
the  compensation  is  etlected. 
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structed  to  work  in  complete  cycles  do  work  by  using  up  the  heat 
of  the  hotter  body,  or  source,  is  true;  but  if  at  any  time  we  should 
obtain  the  means  of  dealing  with  the  molecules  individually,  and  not 
as  now  in  the  aggregate,  it  is  not  impossible  that  all  the  molecular 
motion  of  a  single  body  should  be  used  up  in  doing  work,  or  be 
transferred  to  another  body,  so  that  work  might  be  obtained  by 
using  the  heat  of  a  single  body  or  of  the  coldest  body  of  a  system, 
or  all  the  heat  of  one  body  might  be  transferred  to  another  at  a  higher 
temperature. 

Another  method  of  regarding  the  question  leads  to  the  form  in 
which  the  hypothesis  was  stated  by  Clausius.  Thus  we  have  seen 
that  in  Caroot's  cycle  work  can  be  performed  by  drawing  heat  from 
a  source  and  giving  at  the  same  time  heat  to  the  condenser,  the  latter 
quantity  being  related  to  the  former  by  some  hypothesis  concerning 
the  nature  of  heat.  So  in  the  reverse  process  by  the  performance 
of  work  heat  may  be  drawn  from  the  condenser  and  restored  to  the 
source. 

Hence,  if  we  employ  the  excess  W  -  W  of  work  furnished  by 
the  engines  A  and  B,  when  working  as  already  indicated,  to  drive 
another  engine  working  in  the  reverse  manner  between  the  same 
source  and  refrigerator,  this  third  engine  will  transfer  heat  from 
the  colder  body  to  the  warmer — that  is,  on  the  whole,  without  the 
expenditure  of  any  work  the  heat  could  be  continually  transferred 
from  the  colder  to  the  warmer  of  two  bodies.  If  this  be  admitted  as 
impossible,  the  second  fundamental  principle  may  be  stated  in  either 
of  the  following  forms  for  a  cyclic  process. 

"  It   is   impossible   for    a   self-acting    machine,  unaided   by  any  Secoml 
external   agency,   to  convey  heat   from    one  body   to   another   at    a  *^' 
higher  temperature,   or  heat  cannot  of  itself  (that  is,  without  com- 
pensation) pass  from  a  colder  to  a  warmer  body  "  (Clausius). 

The  equivalent  statement  by  Lord  Kelvin  is  that  "it  is  impossible 
by  means  of  inanimate  material  agency  to  derive  mechanical  effect 
from  any  portion  of  matter  by  cooling  it  l>elow  the  temperature  of  the 
coldest  of  surrounding  objects." 

In  making  these  statements  it  must  be  remembered  that  they 
apply  only  to  the  continued  performance  of  useful  work — that  is,  to 
engines  working  in  complete  cycles.  Without  this  limitation,  it 
might  be  objected,  for  example,  that  work  could  be  derived  from  a 
highly  compressed  gas  by  simply  allowing  it  to  expand.  During  the 
expansion  it  would  do  work  against  external  pressure,  this  work 
would  be  derived  from  the  heat  of  the  gas  alone,  no  condenser 
being  required,  and  the  substance  might  be  thus  cooled  much  below 
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the  temperature  of  the  surroundiDg  bodies.  If,  however,  a  com- 
plete cycle  be  performed,  so  that  the  substance  is  left  in  its  initial 
condition,  then  the  principle  applies  in  either  of  the  forms  given 
above. 

329.  Determination  of  the  Efficiency. — The  efficiency  of  a  heat- 
engine  has  been  defined  as  the  ratio  of  the  quantity  of  work  per- 
formed to  the  quantity  of  heat  drawn  from  the  source,  and  in  the 
case  of  a  reversible  engine  we  have  seen  that  this  efficiency  is  inde- 
pendent of  the  nature  of  the  working  substance.  It  must,  therefore, 
be  determined  completely  by  the  two  temperatures  between  which  it 
works.  This  is  expressed  by  saying  that  the  efficiency  is  some  function 
of  the  temperatures  of  the  source  and  condenser,  or  algebraically 

expressed 

w 

According  to  the  dynamical  theory  W  may  be  replaced  by  Q  -  Q', 
the  difference  between  tlie  quantity  of  heat  drawn  from  the  source  and 
that  yielded  to  the  condenser,  and  the  expression  for  the  efficiency 
becomes 

From  this  it  follows  that  Q/Q'  is  a  function  of  6  and  ^,  and  therefore, 

if  Qj  cand  Q.,  be  the  quantities  of  heat  taken  in  and  ejected  by  a 
reversil>le  engine  working  between  the  temperatures  0^  and  6^.„  we  have 

Qi 

k>2 


7V  =  y{i^iA2), 


when  F(^p^.,)  is  some  function  of  ^j  and  O,^. 

Now  returning  to  Carnot's  cycle  (Fig.  210),  it  is  clear  that  Q^,  the 
quantity  of  heat  absor])ed  along  the  isothermal  DA,  can  depend  only 
on  the  tem})erature  0^,  the  nature  of  the  working  substance,  and 
its  pressure  and  volume  in  the  initial  and  final  states — that  is,  on 
the  co-ordinates  of  I)  and  A.      Hence  we  may  write 

where  N  refers  to  the  nature  of  the  working  substance.      Similarly  we 
have 

Hence 

and   this   must   be  independent  of  everything  except  6^  and  ^,„  and 
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consequently /(^jN,j[),r,)  must  be  of  the  form  K/(6^j),  where  K  involves 
everything  depending  on  N,  p,  and  r,  so  that  we  have  ^ 

Now  Qj  is  always  greater  than  Qo,  hence  f{6^)  is  always  greater  New  scale, 
than  f(6.^)  if  $^  is  greater  than  6^  The  function  f{6)  is  consequently 
such  that  its  magnitude  increases  as  the  temperature  6  increases,  and 
we  might  therefore  form  a  new  scale  of  temperature  by  tabulating 
the  values  of  this  function  (if  once  determined)  for  all  values  of  the 
centigrade  measure  0.  The  values  of  this  function  might  therefore 
be  used  to  denote  the  coiTesponding  temperatures  on  the  new  scale. 
So  that  if  we  denot-e  f{0)  by  t  we  shall  have 

and  the  new  scale  of  temperature  will  be  such  that  any  two  tempera- 
tures on  it  bear  to  each  other  the  same  ratio  as  the  quantities  of  heat 
taken  in  and  ejected  by  a  reversible  engine  working  between  these 
temperatures  as  source  and  condenser.  The  efficiency  of  such  an 
engine  will  consequently  be 

330.  Camot's  Function. — In  tlie  case  of  an  engine  working  between  two  infinitely 
near  temperatures,  r  and  r  +  dr  (or  6  and  6  +  (W\  the  efficiency  is  obviously 

v  =  - (1) 

T 

*  Tliis  relation  may  also  be  established  as  follows:— We  have,  for  an  engine 
working  between  the  limits  ^,  and  6.^ 

and,  in  the  same  manner  for  an  engine  working  l>etween  the  limits  $.2  and  $^,  we  have 
Consequently  by  multii)lication  we  find 

But  Q1/Q3  must  be  etjual  to  F{^|,tf.,),  therefore 

that  is,  02  must  disap|)ear  from  the  right-hand  mt^mber.  In  order  that  this  may 
liapjien,  the  function  F  must  be  of  the  form 

and  consequentlv  we  have 
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Now  in  this  case  the  efficiency  must  be  some  function  of  dy  since  it  depends  only  on 
6  and  0  +  dd^  and  Camot  consequently  wrote  it  in  the  form 

•n=i^e  ■ (2) 

where  /li  is  a  function  of  0  to  be  determined,  and  is  known  as  Camot's  fvnction. 
Comparing  (1)  and  (2)  we  find 

Idr     d  ..        . 

Hence  if  dT/dd=ly  Carnot's  function  is  numerically  equal  to  the  reciprocal  of  the 
absolute  temperature.     In  general,  with  the  foregoing  notation,  we  have 

f{e) 

881.  Absolute  Temperature  and  Absolute  Zero. — ^The  remarkable 
proposition  established  in  the  foregoing  article  was  seized  upon  by 
Lord  Kelvin  ^  as  early  as  1848,  and  made  the  basis  of  a  scale  of  abso- 
lute temperature — absolute  in  the  sense  of  being  independent  of  the 
properties  of  any  particular  substance. 

We  have  seen  that  if  Q^  and  Q^  be  the  quantities  of  heat  taken  in 
and  ejected  by  a  reversible  engine  working  between  the  limits  of 
temperature  6^  and  O^y  then  the  ratio  Qx/Q2  is  independent  of  the 
nature  of  the  working  substance,  and  depends  only  on  the  temperatures 
6^  and  ^j-  Now  the  numbers  expressing  6^^^  and  $2  will  depend  on  the 
nature  of  the  thermometric  substance  and  on  the  system  of  thermo- 
metry adopted,  and  the  ratio  of  0^  to  0.^  will  depend  in  general  on  the 
system  chosen ;  but,  on  the  other  hand,  the  quantities  t^  and  t.,  are 
such  that  their  ratio  is  independent  of  the  nature  of  the  working 
substance  or  of  the  system  of  thermometry  adopted  in  the  measurement 
of  6^  and  ^.>.  If  therefore  the  numbers  expressing  t^  and  t^  are  taken 
to  represent  the  temperatures  at  which  the  heat  is  tixken  in  and  ejected 
by  a  reversible  engine,  we  can  assert  that  the  ratio  of  any  two  tem|)era- 
tures  on  this  scale  is  equal  to  the  ratio  of  the  quantities  of  heat  taken 
in  and  ejected  l)y  a  reversible  engine  working  between  these  limits, 
and  is  independent  of  the  properties  of  any  particular  substance. 

This  mode  of  reckoning  temperature  leads  us  to  the  notion  of  an 
absolute  zero  uf  temperature,  for  if  the  heat  Q^  ejected  by  an  engine 
be  zero,  then  r.,  will  be  zero  also,  and  the  efficiency  of  the  engine  will 
be  unity.  All  the  heat  Q^  taken  in  from  the  source  will  be  converted 
into  work  ;  and  since  we  cannot  suppose  that  more  heat  can  l)e  con- 
verted into  work  than  that  which  is  drawn  from  the  source,  it  is 
impossible  for  t  to  ]>e  negative,  and  hence  the  temperature  corres|)on(i- 
ing  to  T  =  0  is  the  lowest  possible  temperature  conceivable.     The  zero 

^   Will.  Thoinsoii,  Pror.  C(i,,ihri(hi>    Phil.  Sor.^  or  l*hU.  Mag.,  1848:  and  Trans. 
Piiy.  Sm-.  Jul  in,,  1S.'»4. 
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)f  this  scale  is  consequently  an  absolute  zero  of  temperature  inde- 
)endent  of  the  properties  of  any  particular  substance,  for  when  the 
efficiency  of  one  reversible  engine  is  luiity,  the  efficiency  of  every 
)ther  reversible  engine  working  between  the  same  source  and  con- 
lenser  will  also  be  unity,  and  hence,  ^\ 
f  T  is  zero  for  one  substance,  it  will 
ilso  be  zero  for  every  other.  This 
:ero  is  therefore  absolute. 

Lord  Kelvin^s  system  of  reckon- 
ng  temperatures  is  exhibited  graphic- 
illy  as  follows: — Let  AA^Ag  and 
m^B^  (Fig.  211)  be  any  pair  of 
idiabatic  lines  for  any  substance 
shoeen  at  random.  These  lines  cor- 
-espond  to  the  state  of  the  body 
»efore  and  after  some  arbitrary  quantity  of  heat  has  been  added  to 
t.  Let  AB  be  any  isothermal  line  for  the  same  substance,  and  let 
IjB^,  AgBj,  etc.,  be  other  isothermals  drawn,  so  that  the  areas  of 
he  cycles  ABB^Ap  A^B^BgA^  A^BgBgAg,  etc.,  are  equal  to  each  other, 
n  this  case  we  have 

Q-Qi  =  Qi-Qii  =  Qa-Qs  =  etc, 

.nd  hence,  since  Q/t  =  Qj/t^,  we  must  have 

T-Ti=Ti-T2  =  r2-T3  =  etc. ; 

n  other  words,  the  isothermals  have  been  drawn  so  as  to  correspond 
o  equal  differences  of  temperature,  so  that  if  t  -  t^  be  the  unit  of 
emperature,  t  -  t^  will  be  two  units,  t  -  T3  three  units,  and  so  on. 
jord  Kelvin's  method  of  graduating  the  scale  of  temperature  is  con- 
equently  equivalent  to  saying  that  the  number  of  degrees  between  the 
emperature  t  corresponding  to  the  isothermal  AB  and  the  temperature 
•'  corresponding  to  any  other  isothermal  A'B'  is  to  be  taken  pro- 
K)rtional  to  the  area  ABB' A'. 

The  absolute  zero  of  temj)erature  being  that  which  corresponds  to 
}  =  0,  the  only  thing  which  yet  remains  arbitrary  is  the  size  of  the 
legree,  and  this  may  be  chosen  so  that  the  number  of  degrees  between 
wo  standard  temperatures  on  our  new  scale  is  the  same  as  that  on  one 
tf  the  ordinary  scales,  for  example,  so  that  there  may  be  100  degrees 
>etween  the  freezing  and  boiling  points  of  water.  As  soon  as  the 
lumber  corresponding  to  one  of  these  points  has  been  determined,  the 
lumerical  value  of  every  other  temperature  is  settled  in  a  manner 
tidependent  of  the  laws  of  expansion  of  any  particular  substance. 
?o  determine  the  number  on  the  ai)solute  scale  which  corresponds  to 
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the  freezing  point  or  boiling  point  of  water  requires  a  special  investiga- 
tion of  the  behaviour  of  some  particular  substance.     The  simplest  case 
is  that  of  a  perfect  gas — that  is,  an  ideal  substance  which  obeys  Boyle's 
law  at  all  temperatures. 
« of  a  j£   ^jjg   working   substance   be   a   perfect  gas,   the   characteristic 

equation  of  which  is 

where  6  is  the  temperature  measured  from  the  zero  of  a  thermometer 
filled  with  this  substance,  as  indicated  in  Art.  91,  then  the  quantity 
of  heat  Q  taken  in  by  the  substance  while  passing  from  A  to  B 
along  an  isothermal  is,  in  dynamical  units, 

and  the  quantity  Q'  ejected  in  returning  along  A'B',  the  lower 
isothermal  6'  of  a  Carnot's  cycle  is 


Hence  we  have 

Q  ^e  \og{vJv{) (,j 

Q'    e' log  (t^a/r,) 

But  since  A  and  A'  are  on  the  same  adiabatic,  we  have 

p^ v^ =p^v^'     and  similarly  p.^w?  =;?.,r.,^, 


and  consequently 


Y  Y 


But  2)^i\  -  pj'^^  and  p^r.^=p^v^hy  the  isothermal  conditions,  therefore 
(2)  becomes 

vi  ~  «•; 

and  equation  (1)  becomes 

(i  ^  e 

But  Q  Q'  ^  t-t'  on  the  absolute  scale,  therefore  we  have  finally 

r  _H 

or,  in  other  words,  the  absolute  zero  on  Lord  Kelvin's  scale  is  the  same 
as  the  zero  of  the  perfect  gas  thermometer.  Now  the  coefficient  of 
expansion  of  a  gas  has  been  found  to  be  Tri^^  on  the  centigrade  scale, 
so  that  when  the  interval  between  the  freezing  and  the  boiling  points 
of  water  is  divided   into    100   erjual   partes,    the  zero  of  the  perfect 
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18  thermometer  will  be  273  degrees  below  the  freezing  point  of 
ater,  and  this  is  what  is  meant  by  sa3ring  that  the  absolute  zero  is 
•273''  C,  or  that  on  the  absolute  scale  the  freezing  point  of  water  is 
73%  and  the  boiling  point  373^ 

As  no  ordinary  gas  rigorously  obeys  the  laws  of  a  perfect  gas,  the 
limber  273  obtained  by  observation  of  the  expansion  of  air  requires 
>rrection  in  respect  to  the  deviations  of  air  from  the  supposed  ideal 
mdition,  and  these  deviations  can  only  be  determined  by  special 
cperiment.  For  this  reason  a  special  examination  of  the  properties 
:  air  was  made  by  Joule  and  Thomson  by  a  method  which  we  shall 
msider  subsequently  (Sec.  VIIL). 

882.  Remarks  on  the  supposed  Violations  of  the  Second  Law. — 
7e  shall  now  consider  briefly  some  of  the  objections  which  have  been 
Lised  against  the  second  fundamental  principle.  This  principle,  as 
ated  by  Clausius,  asserts  the  impossibility  of  transferring  heat  from  a 
)ld  body  to  a  hot  body  without  at  the  same  time  some  equivalent  or 
>mpensating  transformation  taking  place,  such  as  the  expenditure  of 
ork,  or,  what  amounts  to  the  same  thing,  the  passage  of  heat  from 
»me  other  hot  body  to  a  cold  one.  As  stated  by  Thomson,  the  law 
iserts  that  the  manner  in  which  work  is  performed  by  a  heat-engine 
by  the  passage  of  heat  from  a  hot  body  to  a  cold  one,  and  it  must 
3  remembered  that  these  statements  apply  to  cyclic  processes  which 
in  be  repeated  over  and  over  again  so  that  the  transference  of  heat  or 
le  performance  of  work  can  be  kept  up  continuously. 

An  equivalent  statement  is  that  work  cannot  be  obtained  by  using 
p  the  heat  of  a  single  body  ;  or,  in  other  words,  we  require  two  bodies 
I  different  temperatures,  the  obvious  reason  being  that  in  order  to  obtain 
'ork  continuously  we  require  a  working  substance  which  alternately 
xpands  and  contracts,  and  to  produce  this  alternation  of  volume  we 
3quire  a  corresponding  alternation  of  temperature.  For  example,  a  gas 
lay  be  enclosed  under  high  pressure  in  a  cylinder,  and  by  allowing  the 
as  to  expand,  work  may  be  done  while  it  cools  below  the  tempera- 
are  of  any  of  the  surrounding  bodies,  and  it  might  appear  that 
^homson's  statement  was  violated,  but  it  must  be  remembered  that  this 
peration  is  not  cyclic.  It  cannot  be  repeated  without  bringing  the  gas 
ack  again  to  its  initial  condition,  and  this  would  require  either  an 
xpenditure  of  work  or  the  passage  of  heat  from  some  hot  body  to  a 
old  one. 

Two  objections  have  been  proposed  hy  Hirn,  and  refuted  by 
/lausius,  and  they  are  worthy  of  note  as  illustrations  of  the  principle. 
Q  the  first  a  horizontal  cylinder  (Fig.  212)  is  supposed  fitted  with  a 
rictionless  non-conducting   piston   which    divides    it   into    two   com- 
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{Mrtmeots,  A  and   6.     These  compartments  are   fiUed  with  air  at 
temperatures  0^  and  flj  respectively.     Now  let  us  suppose  that  6^  it 
less  than  6^  and   that   the    end    of   the  compartment  A  is  brought 
into  thermal  communication  with  a  source 
of  heat  at  a  temperature  greater  than  ^^ 
but  less  than  6^,  thon  the  pressure  in  A 
will  increase,  the  piston  will  be  pushed 
^^-  ^"'  forward  from  A  towards  B  so  that  the  lir 

in  B  is  compressed,  and  as  a  consequence  its  temperature  is  raised.  Thus 
heat  leaves  a  body  at  a  temperature  less  than  6^  and  enters  a  body  it 
or  above  d^.  It  would  appear  at  first  sight  that  heat  had  passed  from 
a  cold  body  to  a  warm  one,  and  that  the  axiom  of  Clausius  was  violated 
What  really  happens,  however,  is  that  heat  passes  from  a  warm  body 
to  a  cold  one,  and  in  addition  there  is  also  a  transference  of  eaeigy 
from  a  cold  body  to  a  hot  one ;  this  latter  transference  is  consequently 
compensated  by  the  former.  The  heat  generated  in  B  is  the  equivalent 
of  the  work  done  on  it  by  the  gas  in  A,  and  the  power  of  doing  this 
work  is  derived  from  the  passage  of  heat  into  A  from  a  body  at  s 
higher  temperature. 

The  second  objection  of  Hirn  is  perhaps  more  ingenious  than  the 
first.  Two  non-conducting  cylinders  A  and  B  (Fig.  213)  of  equal  cross- 
eection  are  fitted  with  frictionlesa  pistons  of 
e<iual  weight,  which  are  forced  to  move  in  oppo- 
site directions  by  a  toothed  wheel,  so  thiit  when 
the  wheel  revolves  one  of  them  is  drawn  u|» 
while  the  other  is  forced  down  without  any 
exi)enditiire  of  work.  By  this  arrangement  the 
total  volume  of  the  3i>acea  A  and  B  enclosed 
between  the  pistons  is  kept  constant.  T 
space  is  filled  with  iiir,  and  at  the  beginning 
of  the  o|H3ration  all  the  air  is  in  the  cylinder  A, 
so  that  the  piston  in  A  is  at  the  top  of  its  stroke, 
while  that  in  B  is  at  the  Imttom. 

Let  tiie  temperature  of  the  air  in  A  be  #„ 
And  let  the  connecting  tube  Iw  kept  at  some  fixed 
tenipenittire  tfj  higher  thiin  (*„,  while  the  wheel 
is  slowly  tUT'ned  so  that  the  air  pass.-s  from  A 
to  B.  The  action  which  tikes  place  will 
then  be  as  follows  : — The  first    insUilment    of 

air  thill  onters  B  will  be  raised  in  temp^T.iture  to  0,,  and  in  consequence 
the  pressure  will  increase  so  that  the  air  in  .\  will  be  compressed  and 
raised  in  lemperatnie.      The  second  inatidment  will  also  ent«r  B  at  W,. 


T.  332  THE  SECOND  FUNDAMENTAL  PRINCIPLE  719 

d  the  pressure  will  go  on  increasing  as  more  air  enters  B,  so  that 
e  air  in  6  as  well  as  that  in  A  will  be  raised  in  temperature.  The 
>per  layers  of  air  in  B  will  therefore  be  raised  to  temperatures 
ceeding  0^,  and  the  average  temperature  of  the  mass  in  B  will  exceed 
at  of  the  source  of  heat.^  It  would  thus  appear  that  heat  has  been 
sinsferred  from  a  lower  to  a  higher  temperature  without  the  expendi- 
re  of  work.  But  it  appears  at  once  in  this  case,  as  in  the  previous, 
at  there  is  also  a  compensating  process  in  operation,  for  while  the 
r  is  passing  through  the  connecting  tube  it  is  heated  to  6^y  and  there 
thus  a  transference  of  heat  from  a  higher  to  a  lower  temperature. 

In  both  cases  consequently  there  are  two  processes  in  operation : 
le  a  transference  of  heat  from  a  higher  to  a  lower  temperature,  and 
e  other  from  a  lower  to  a  higher.     There  are  thus  really  two  engines 

work  in  all  these  cases,  one  working  in  the  direct  cycle  and  driving 
e  other  backwards  in  the  reversed  cycle. 

A  somewhat  similar  process  is  stated  by  M.  Bertrand.-  Here  a  gas  at 
is  enclosed  in  a  cylinder  fitted  with  a  movable  piston,  and  the  end 

the  cylinder  is  in  thermal  communication  with  a  source  of  heat  at 
The  gas  is  allowed  to  expand,  doing  external  work,  while  its 
mperature  is  kept  constantly  at  0,  and  this  work  is  stored  up  and 
bsequently  employed  to  compress  the  gas,  thereby  raising  its  tem- 
irature  so  that  it  may  yield  heat  to  a  Ixxly  at  a  temperature  higher 
an  6.  But  the  body  cannot  be  brought  back  to  its  original  state 
ithout  on  the  whole  doing  work  on  the  substance,  Le.  the  process 
nnot  be  made  n/clic  without  drawing  on  some  external  source  of 
Drk-energy.     This  is  easily  seen  by  drawing  the  figure. 

[An  interesting  case  of  an  appareut  violation  of  the  second  law  was  suggested  by 
►rd  Rayleigh.  A  beam  of  light  issuing  from  a  body  A  may  be  transmitted  through 
nicol  and  the  resulting  polarised  beam  passed  through  a  medium  in  which  the 
ine  of  polarisation  is  twisted  by  a  magnetic  field  throufjh  45^.  It  is  then  wholly 
msmitted  by  a  second  nicol  suitably  placed,  and  allowed  to  fall  on  a  body  B. 
beam  from  B  following  the  same  path  in  the  reverse  order  would  be  twisted  by 
e  field  in  the  sanu  direction,  and  couse([uently  would  be  stopjHjd  by  the  first  nicol. 
)|«j:ently,  then,  it  might! be  so  arranged  that  A  sends  to  B  more  radiations  than 
receives,  so  that  if  they  were  originally  at  the  same  temi)erature,  B  would  eventually 

*  If  the  air  in  A  be  initially  at  0'  C,  and  if  the  connecting  tube  be  kept  at 
0^  C,  the  average  temperature  of  thr  whole  mass  when  transferred  to  B  will  be 
out  120^  C.     Thenittui  temperature  r„»  is  given  by  the  equation 


lere  Tj  is  the  temperature  of  the  tube,  and  r^^  the  initial  temperature  (see  Hirn,  i. 

260). 
2  Bertrand,  Thci-moibjnainiqoc,  p.  ><r>. 


720  THEORY  OF  HEAT  chap,  vin 

become  hotter  than  A.  Lord  Kayleigh  shows,  however,  that  all  attempts  to  reflect 
the  radiations  of  B  back  to  itself  (so  as  to  conserve  its  own  energy)  would  in  mlity 
involve  the  opening  up  of  a  path  for  these  radiations  to  A,  and  that  complete  com- 
pensation would  result  {Nature^  vol.  Ixiv.  p.  577,  1901).] 

Maxwell's  The  second  law  is  also  practically  embodied  in  the  statement  that 

it  is  impossible  to  produce  any  difference  of  temperature  or  pressure 
in  an  isolated  mass  at  uniform  temperature  and  pressure  throughout 
without  the  expenditure  of  work,  and  to  the  statement  in  this  form 
Maxwell  ^  has  devised  an  ingenious  but  illusory  violation.  He  takes 
the  case  of  a  mass  of  gas  at  uniform  temperature  and  pressure 
throughout,  and  he  then  imagines  a  being  capable  of  dealing  with 
the  individual  molecules  of  the  gas.  According  to  the  ordinary  theory 
these  molecules  are  moving  with  velocities  which  differ  considerably, 
so  that  if  a  partition  be  supposed  erected  in  the  enclosure,  the  iniaginary 
being  may  sift  the  molecules  so  as  to  accumulate  the  faster-moving 
molecules  in  one  region  and  the  slower  molecules  in  the  other.  By 
this  means  inequalities  of  temperature  and  pressure  might  be  intro- 
duced without  the  expenditure  of  any  work. 

It  must  be  remembered,  however,  that  to  this  being  the  gas  is  by 
no  means  a  uniformly  heated  mass.  The  faster-moving  molecules  are 
hot  and  the  slower  cold,  and  the  whole  mass  to  him  is  made  up  of 
discrete  parts  at  very  different  temperatures,  and  this  sifting  of  the 
molecules  is  no  more  a  violation  of  the  second  law  than  would  be  the 
collection  by  an  ordinary  being  of  the  warmer  members  of  a  system  of 
bodies  into  one  region  of  sj)ace  and  the  colder  into  another. 

The  point  then  appears  to  be  that  a  clear  understanding  of  the 
meaning  of  the  word  Ix^ibj  should  l)e  obtained  in  stating  the  second 
law,  for,  without  this,  apparent  violations  can  be  easily  manufactured 
bv  a  confusion  of  terms. 

E.rainph'S 

1.  Prove  that  an  adiabatic  curve  lannot  intersect  an  isothennal  in  more  than 
one  point,  and  therefore  cannot  touch  it. 

{If  an  adiabatic  and  an  isothermal  intiTsected  in  two  jK^ints,  thej"  would  form  a 
closed  cycb",  and  work  could  l)e  |ierformed  with  a  siui^le  source  at  the  temperature 
of  the  isothermal.  }- 

2.  In  passing  along  an  adiabatic.  juove  that  the  temperature  must  always, 
change  in  the  same  sense. 

{Otherwise  the  same  temperature  would  exi^t  at  two  or  more  ]>oints  on  the  same 
adiabjitic.  I 


1    Th>or>i  of  II' nt,  :!rd  edition,  j).  32n. 

-  ITlie  touching  here  spoken  of  refers  to  two-point  contact.  It  is  pos:sible  for  an 
adiabatic  to  have  three-point  contact  with  an  isothermal,  i.r.  to  toucli  it  and  cross  it 
at  the  same  time.      This  is  actually  the  case  with  water  at  4"  C] 
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3.  In  the  same  manner  the  quantity  dQ  must  always  have  the  same  sign  in 
(Missing  along  an  isothermal. 

4.  or  all  the  cycles  .that  a  mass  of  gas  can  pass  through  between  given  extreme 
temperatures,  the  cycle  of  Camot  gives  the  maximum  ratio  of  the  work  performed  ta 
the  heat  spent. 

5.  If  an  isothermal  and  an  adiabatic  intersect  at  a  point  M  (Fig.  214),  making 
uiglee  A,  B,  C,  D,  show  that  in  passing  to  any  other  state  M' — 

(1)  If  M'  lies  in  A  there  is  heating  accompanied  by  a  subtraction  of  heat. 

(2)  If  M'  lies  in  6  there  is  heating  accompanied  by  a  communication  of  heat 

(3)  If  M'  lies  in  C  there  is  cooling  accompanied  by  a  communication  of  heat. 

(4)  If  M'  lies  in  D  there  is  cooling  accompanied  by  a  subtraction  of  heat. 

6.  In  general,  if  two  adiabatic  tangents  be  drawn  at  A  and  A'  (Fig.  215),  and 


%^ 


Fig.  214. 


Fig.  21. -I. 


WO  isothermal  tangents  at  B  and  B'  to  any  closed  cycle,  there  will  be  a  communica- 
ion  of  heat  in  passing  along  ABA',  and  a  subtraction  of  heat  in  passing*  back 
long  A'B'A,  while  there  unll  be  a  fall  of  temperature  in  {lassing  along  BA'B'  and  a 
ise  of  temperature  in  passing  along  B'AB. 
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SECTION   III 

ON    ENTROPY   AND   AVAILABLE   ENERGY 

333.  Extension  of  Camot's  Cycle — The  Theorem  of  Clauslus.— 

In  the  case  of  a  simple  Carnot's  cycle  the  quantities  of  heat  taken  in 
and  ejected  during  the  isothermal  transformations  at  absolute  tempera- 
tures Tj  and  T.3  are  connected  with  these  temperatures  by  the  equation 

or,  if  quantities  of  heat  taken  in  be  regarded  as  positive,  while 
quantities  given  out  are  considered  negative,  this  relation  may  be 
written  in  the  form 

Now  in  the  case  of  a  genenil  transformation,  represented  graphic- 
ally by  a  curve  of  anv  form,  the  heat  is  not  all  Uiken  in  at  the  same 
temperature  and  given  out  at  another,  but  is  taken  in  and  given  out 
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at  temperatures  which  vary  continuously.  The  above  relation  may. 
liowevtT,  be  extended  to  any  reversible  transformation  by  the  follow- 
ing  simple  method  su^gesteil  by  Clausius  :  ^ — 

Let  the  curve  AB  (Fii,'.  21<))  lepresent  any  reversible  transforma- 

'  (_'iaiwius,  MK'h'iiiicnf  Tlii\ini  t>f  Jl,aL  p.  Ss. 
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ion  whatever,  which  brings  the  working  substance  from  the  state  A 
3  the  state  B.  This  whole  transformation  may  be  considered  as  made 
p  of  an  immense  number  of  very  small  transformations,  which  are 
Iternately  isothermal  and  adiabatic,  as  shown  by  the  zigzag  line 
veminning  AB,  the  successive  elements  of  which  are  alternately 
lements  of  isothermal  and  adiabatic  curves.  The  smaller  the  elements 
f  this  zigzag  line,  the  more  closel}''  will  it  coincide  with  the  continuous 
urve  AB,  and  the  coincidence  will  be  indefinitely  close  when  the 
lements  are  taken  indefinitely  small.  Hence,  if  the  continuous  trans- 
^miation  AB  is  replaced  by  the  zigzag  of  alternate  isothermals  and 
diabatics,  the  effect  on  the  quantities  of  heat,  and  the  corresponding 
emperatures  at  which  they  are  taken  in  or  ejected,  will  be  vanishingly 
malL 

From  these  considerations  it  follows  that  any  reversible  cycle 
epresented  by  any  closed  curve  may  be  broken  up  into  an  infinite 
lumber  of  indefinitely  small  Carnot  cycles,  as  shown  in  Fig.  217.  For 
ach  of  these  cycles  we  have,  if  dQ^  be  the  quantity  of  heat  absorbed 
.t  Tj  and   -  dQ^  the  quantity  ejected  at  t.^ — 

r,         T.^ 

md  by  taking  the  sum  of  these  for  all  the  cycles,  we  have  for  any 
;vclic  reversible  transformation  whatever 

In  Carnot's  cycle  the  working  substiiiice  is  supposed  to  take  in 
heat  at  the  temperature  of  the  hot  body,  and  eject  it  at  the  tempera- 
ture of  the  cold  body.      In  practice,    .^VA 

however,  the  working  substance  must     .4*\-^^^nrrr33 V^ 

be  somewhat  colder  than  the  source  \  \ 

when  taking  in  heat,  and  warmer  than  \  \ 

the  refrigerator  when  giving  it  out.  \  \ 

Hence,  if  ABCD  (Fig.   218)  be  the  \    .  \ 

cycle  of  Carnot  in  the  ideal  limit,  the  >.>_JS:~ H;     _, 

practical  cycle  will  be  represented  by  \  ^^ 

the   dotted   figure  ^  A'B'C'D'.       The  ^'^•'''• 

area  of  the  latter  will  be  less  than  that  of  the  former,  so  that  the 
efficiency  in  practice  will  be  less  than  that  of  the  ideid  case.  Conse- 
[juently,  if  Qi  and  Q.,  arc  the  quantities  of  heat  taken  in  and  ejected, 

'   Wlieii  the  opemtioii  is  reversed,  A'lV  will  l»e  above  AH,  and  CD'  below  CD, 
lid  the  area  of  the  reverse  ey<*le  will  exceed  tliat  of  the  direct. 
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and  Tj  and  t^  the  absolute  temperatures  of  the  source  and  refrigerator, 
we  have 

Qi  r, 

which  gives  at  once  Qi/tj  <  Q^/V.*,  or 

If,  however,  Tj  and  Tg  denote  the  absolute  temperatures  of  the  • 
working  substance  when  taking  in  and  giving  out  heat,  we  have  still 

and  that  the  left-hand  member  is  less  than  zero  when  r^  and  t^  denote 
the  absolute  temperatures  of  the  hot  and  cold  bodies,  follows  at  once 
from  the  fact  that  in  this  case  the  temperature  of  the  source  is  higher 
than  that  of  the  working  substance,  while  that  of  the  condenser  is 
lower ;  and  as  a  consequence,  QJt^  is  diminished,  while  QJt^  is 
increased. 

In  the  same  manner,  if  in  any  closed  cycle  the  working  substance 
be  not  at  the  same  temperature  as  the  body  from  which  it  absorbs,  or 
to  which  it  ejects  heat,  then  we  have 

when  the  temperature  t  is  that  of  the  working  substance  when  it  takes 
in  or  ejects  the  quantity  of  heat  dQ ;  ^  but  if  t  be  the  temperature 
of  the  body  to  which  the  working  substance  yields  heat  or  from  which 
it  abstracts  it,  then  the  positive  constituents  of  this  integral  are  all 
diminished,  while  the  negative  are  increased,  and  we  have 

/  -  ->  <  0. 

334.  Entropy. — The  interpreUition  of  the  theorem  of  the  preced- 
ing article  is  that  the  value  of  the  integral  for  any  reversible  trans- 
formation which  brings  a  body  from  a  condition  represented  by  any 
point  A  to  that  represented  by  any  other  j)oint  B,  depends  only  on 
the  initial  an<l  final  conditions,  or  is  a  function  of  the  co-ordinates  of 
A  and  B.  For  if  </»  1)0  the  value  of  the  integral  taken  along  any  path 
AMB  (Fig.  209),  and  <//  its  value  when  the  transformation  is  etfected 
along  any^  other  path  ANB  joining  the  same  pair  of  points,  then  the 
pair  of  paths  AMB  and  ANB  form  a  closed  reversible  cycle,  and  for 

'  (/Q   is   the  whole  quantity  of  heat  gained  either  from  external  or  internal 
ngeiicies. 
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whole  cycle  the  value  of  the  integral  must  vanish;  therefore 
4/  =  0,  or  <f>  =  <f}\  The  meaning  of  this  is  that  the  value  of  <^  at 
point  depends  only  on  the  co-ordinates  of  the  point,  or  that 
T  is  a  perfect  differential — that  is,  the  complete  differential  of  some 
;tion  </»,  so  that 

T 

the  value  of  the  integral  taken  along  any  path  joining  the  points 
«e  co-ordinates  are  p^v^  and  p^^^^  ^^ 

ite  <^i  is  the  value  of  the  function  </>  at  the  point  p^t\y  and  </>.,  its 
le  at  p^v^. 

By  working  along  an  isothermal  line  t  remains  constant,  and  the 
le  of  <f>  changes  by  an  amount  Q/V,  where  Q  is  the  quantity  of 
t  added  to  or  taken  from  the  substance  during  the  transformation. 
3  suggests  the  measurement  of  <^  from  a  zero  at  which  the  substance 
tains  no  heat,  but  in  practice  it  is  with  the  changes  of  <t>  rather 
II  with  its  absolute  value  that  we  are  mainly  concerned,  so  that 
may  mea^^ure  </>  (as  we  measure  potential  in  dynamics)  from  any 
uned  origin  ;  and  the  value  of  the  integral  taken  along  any  path 
wn  from  this  origin  to  any  other  point  may  l>e  written  in  the  form 

fdq 


rr 


=<f>. 


The  function  </>  has  been  termed  the  entrofty  of  the  substance 
Clausius ;  ^  and  it  is  clear  that  throughout  any  adiabatic  trans- 
nation  the  entropy  of  a  body  at  the  same  temperature  throughout 
lains  constant ;  for  if  d(^  =  0,  we  have  d(j>  =  0,  and  this  means  that 
emains  constant.  The  adiabatic  lines  of  any  substance  are  conse- 
ntly  lines  of  constant  entropy,  and  for  this  reason  they  have  been 
i  named  isentropks.  If,  however,  any  body  be  subject  to  operations 
ich  produce  inequalities  of  temperature  in  the  mass,  there  will  be 
•ansference  of  heat  from  the  warmer  to  the  colder  parts  by  conduc- 
i  and  radiation,  and  although  the  body  may  neither  receive  heat  from 
give  it  out  to  other  bodies  (so  that  the  transformation  is  adiabatic 
3Ughout),  yet  on  account  of  the  inequalities  of  temperature,  the 
ropy  of  the  mass  will  increase  as  explained  below  (p.  728),  and 
ler  these  circumstances  the  transformation  will  not  be  isen tropic. 

R.  Clausius  [Pogg.  Ann.,  vol.  exxv.  p.  390)  introiluced  the  idea  of  a  traiisforma- 
eqiiivalent  of  a  quantity  of  heat,  and  di^jr  is  the  transformation  equivalent  of 
:]uantity  rfQ.     The  name  entropy  was  conse<iuently  chosen  from  the  (ireek  word 
f^,  signifying  transformation. 
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It  has  been  already  pointed  out  (Art.  324)  that  the  quantity  of 
heat  absorbed  or  given  out  by  a  body  in  passing  from  one  condition 
to  another  is  not  determined  completely  by  the  initial  and  final  con- 
ditions, that  Q  is  not  expressible  in  terms  of  the  initial  and  final 
co-ordinates,  or  that  rfQ  is  not  a  perfect  differential.  But  we  have 
just  seen  that  rfQ/r  is  a  perfect  differential,  and  this  means  that  7  is 
the  integrating  divisor  of  dQ,  or  1/t  is  its  integrating  factor. 

[An  interesting  interpretation  of  the  term  entropy,  as  applied  to  a  gas,  has  been 
given  by  Boltzmann.*  The  expression  "distribution  of  velocities,"  employed  in 
Art.  56  with  reference  to  the  molecules  of  a  gas,  might  be  understood  in  either  of  two 
senses.  In  the  first  place,  we  might  take  it  to  mean  a  complete  definition  of  the 
velocity  in  magnitude  and  direction  of  each  individual  molecule  ;  wo  shall  call  a 
distribution  given  in  this  way  an  arrangement.  But  by  a  given  distribution  of 
velocities  we  ordinarily  mean  that  we  are  given  the  number  of  molecules  correspoiid- 
ing  to  each  velocity,  and  we  do  not  concern  ourselves  with  the  identity  of  the 
molecules  which  possess  this  velocity,  nor  with  their  direction.  Such  a  statistical 
distribution  may  be  referred  to  as  a  complexion.  The  restriction  being  made  that 
the  total  energy  of  the  gas  is  given,  we  see  that  a  large  number  of  complexions  might 
I  e  supposed  possible,  and  each  complexion  will  include  a  large  number  of  possible 
arrangements.  If  we  assume  that  all  arrangements  are  equally  probable,  then  the 
most  probable  complexion  is  that  which  contains  the  greatest  number  of  possible 
arrangements.^    This  complexion  will  be  the  stable  distribution  of  Art.  56. 

Taking  the  simplest  case,  that  of  a  gas  whose  molecules  behave  like  perfectly 
elastic  smooth  spheres,  if  we  calculate  an  expression  for  the  entropy  as  defined  by 
Clausius,  we  find  that  by  suitably  choosing  the  constant  of  integration,  we  can  make 
it  proportional  to  the  logarithm  of  the  pro}>aMlity  of  the  complexion  of  the  gas.  If 
one  portion  of  ga.s  has  a  complexion  whose  probability  is  P  and  anotlirr  portion  has 
a  complexion  whose  probability  is  P',  then  the  probability  for  the  two  taken  together 
is  PP',  since  the  chance  that  two  events  should  both  haj)pen  is  the  product  of  the 
separate  chances.  Now  log  PP'=  log  P+  l«>g  P',  therefore  the  entropy  of  the  whole 
of  a  mass  of  gas  is  tlie  sum  of  the  entropies  of  its  parts,  as  it  should  be. 

According  to  this  view,  in  its  most  general  form,  every  transformation  is  in  a 
sense  reversi]»lc.  If  we  could  reverse  the  velocity  of  every  particle  of  mass  in  the 
universe,  then  events  would  j)roceed  backwards,  and  things  would  revert  to,  aud 
pass  tlirough  all  their  former  stages.  Thus  when  a  weight  falls  from  a  height,  it? 
kinetic  energy,  on  impact  with  the  ground,  is  converted  into  diffused  molecular 
motion,  or  heat.  If  the  velocities  wen-  all  reversed,  then  it  would  come  about  that 
at  a  particular  instant  the  molecules  would  conspire  in  a  common  motion  to  ]>rothKi' 
an  impulse  which  would  project  the  weight  up  to  its  original  level.  The  number  of 
arrangements  in  the  most  probable  complexion  is,  however,  so  enormously  pre- 
ponderant, that  the  chance  of  even  a  slight  departure  from  the  stable  condition  is 
vanishingly  small.] 

335.  Clausius's  Theorem  considered  as  the  Second  Law. — The 

theorem  of  Clausius  that  in  any  closed  reversil)le  cycle  we  have 

-0 (I 


r 


'  See  1'o7'lrst(U'/e/i  ulur  fitfsfhroric,  by  L.  lioltzmanu,  vol.  i. 

-  As  an  illustration  of  what  is  meant,  we  may  take  tin*  case  of  a  mixture  (»f  tvo 
powdvis.  Kvery  arrangement  of  grains  is  e<[ually  probable,  but  the  most  probaMe 
complexion  is  a  uniform  mixture. 
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or,  in  other  words,  that  the  change  of  entropy  of  a  system  subject  to 
any  reversible  transformation  depends  only  on  the  initial  and  final 
conditions  of  the  system,  has  been  deduced  merely  as  a  generalisation 
of  the  equation 

?' 4-^^-0 (2^ 


which  applies  to  a  simple  Camot's  cycle.  This  latter  equation  depends 
on  the  theorem  of  Carnot  that  the  efficiency  of  a  reversible  engine 
depends  only  on  the  temperatures  of  the  source  and  refrigerator ;  and 
in  deducing  this  theorem  from  the  point  of  view  of  the  dynamical 
theory,  the  only  principle  made  use  of  is  the  second  law  in  any  one  of 
the  forms  stated  in  Art.  328.  It  follows,  therefore,  that  equation  (1) 
is  only  a  mathematical  representation  of  the  second  law,  and  it  has 
consequently  been  customary  with  many  writers  to  write  down  equa- 
tion (1)  as  the  second  law  of  thermodynamics.  We  have  avoided 
this  because  it  appears  preferable  to  state  the  main  axiom  in  its  primitive 
form  as  the  second  law  rather  than  any  mathematical  disguise  of  it, 
for  the  fundamental  postulate  is  by  this  means  kept  more  prominently 
in  view. 

Since  equation  (1)  contains  the  second  law,  it  ought  to  be  possible 
to  deduce  this  law  from  it.  Thus,  starting  with  (1) — that  is,  that  the 
entropy  of  a  body  is  the  same  at  the  end  as  at  the  beginning  of  any 
closed  reversible  cycle  of  operations — let  us  suppose  that  the  body 
has  returned  to  its  initial  condition,  so  that  the  entropy  has  now 
attained  its  initial  value.  Now,  if  any  exchange  of  heat  has  taken 
place  during  the  cycle  between  the  working  substance  and  other 
bodies,  for  example,  if  f/Q^  has  been  taken  in  by  the  working  substance 
at  Tj,  and  if  dQ^  has  been  given  out  at  Xg,  then,  in  order  that  the 
entropy  may  remain  unaltered,  this  exchange  must  take  place  in  such 
a  way  that 

Hence  if  t^  is  less  than  t^,  it  follows  that  (/Q.,  is  less  than  ilQ^^  or  the 
quantity  of  heat  gained  by  the  cold  body  is  less  than  that  lost  by  the 
hot  body,  so  that  work  is  done  during  the  cycle  by  drawing  heat  from 
the  warmer  of  two  bodies  and  giving  it  in  part  to  the  colder. 

386.  Entropy  of  a  System.  — The  entropy  of  a  body  being  taken 
arbitrarily  as  zero  in  some  stiindard  condition  A  (Fig.  219),  defined  by 
some  standard  temperature  and  pressure  (or  volume),  the  entropy  in 

any  other  state  B  is  the  vahie  of  /    -  taken  along  any  reversible  path 

by  which  the  body  may  be  brought  to  B  from  the  standard  state  A. 
The  path  may  obviously  be  an  arc  AC  (Fig.  219)  of  an  isothermal  line 
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passing  through  the  point  defining  the  standard  state,  together  with 
the  arc  BC  of  the  adiabatic  line  passing  through  B.  The  entropy  in 
the  state  B  may  consequently  be  measured  thus.  Let  the  volume  be 
changed  adialmtically  until  the  standard  temperature  r  is  attained,  and 
then  change  the  volume  isothermally  until  the  standard  pressure  is 
attained.  If  the  quantity  of  heat  imparted  during  the  latter  operation 
be  Q,  the  entropy  in  the  state  B  is 

In    this  operation    the    temperature   and   pressure  are  supposed 

uniform  throughout  the  body ;  and  if  the 
mass  in  this  case  be  unity,  it  is  clear  that 
the  quantity  of  heat  imparted  when  the 
mass  is  m  will  be  mQ,  so  that  the  entropy 
of  a  mass  m  in  the  state  B  will  be  m^ 
where  </>  is  the  entropy  per  unit  mass. 
This  amounts  to  saying  that  the  entropy 
of  two  units  of  mass  in  a  given  condition 


'^^  ■   '  is  twice  that  of  one  unit 

Hence,  if  we  have  a  system  of  bodies  at  different  temperatures  Tj, 
To,  etc.,  and  masses  m^,  Wo,  etc.,  the  entropy  of  the  system  will  be  the 
sum  of  the  entro])ies  of  its  parts  or 

where  i/)j,  </>._.,  etc.,  are  the  entropies  per  unit  mass  of  m^^  m^  etc.  The 
average  entropy  of  the  system  per  unit  mass  might  therefore  he  defined 
as 

just  as  the  whole  volume  of  a  system  is  V  ^  l'(//<r),  and  the  average 
volume  per  unit  mass  may  be  taken  as  l'(////)  1{m). 

337.  Increase  of  Entropy  caused  by  Equalisation  of  Tempera 
ture. — All  processes,  such  as  mdiation,  convection,  and  conduction,  by 
which  the  temperatures  of  the  various  j);irts  of  a  system  Ix^come  equal- 
ised, change  the  entropy  of  the  system,  and  it  is  eiisily  shown  that  the 
result  of  such  op'rations  is  to  increase  the  entropy.  For  if  a  quantity  oi 
heat  d^i  leaves  a  boily  at  temp>erature  r^,  the  entropy  of  this  body  will 
be  diminishtHl  by  an  amount  '/c>j  '/Q  r^,  and  if  this  same  quantity  passes 
into  a  \xH\y  at  a  lower  temperature  r.^,  its  increase  of  entropy  will  be 
'fo.,     'K^  r,.      CVnse(]uently  the  increase  of  entropy  of  the  pair  will  be 


/ 1 


1      1  \ 
<?j  -'  Oi  -    '^^y  :;,-,• 


and  this  is  a  jK^sitive  quantity,  since  r..  is  less  tl  an  r. 
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Since  such  processes  as  radiation  and  conduction  tend  to  reduce, 
ither  than  to  exaggerate,  differences  of  temperature,  it  follows  that 
le  entropy  of  the  material  universe,  as  we  know  it,  must  be  continu- 
Hy  increasing — that  is,  the  entropy  of  the  universe  is  growing  towards 
maximum  value  which  will  be  attained  when  all  temperature  diifer- 
Dce  ceases  to  exist. 

888.  Available  Energy  or  Motivity. — When  an  engine  working 
etween  any  source  and  refrigerator  draws  a  quantity  of  heat  Q 
*om  the  source,  we  have  seen  that  the  whole  of  this  quantity  is  not 
onverted  into  work  but  only  a  fraction  of  it — viz.  lyQ,  where  rf 
\  the  efficiency  of  the  engine.  The  remainder  is  given  to  the 
efngerator ;  and  if  the  refrigerator  is  the  coldest  body  of  the  system, 
bis  quantity  remains  unavailable  for  the  purposes  of  work.  If  Tq  be 
he  temperature  of  the  coldest  body  of  a  system,  and  if  this  body  be 
jBed  as  the  refrigerator  of  an  engine  describing  Carnot's  cycle,  then 
rhen  a  quantity  dQ,  of  heat  is  drawn  from  a  source  at  temperature  t, 
he  fraction  of  this  which  can  be  converted  into  work  is 


r  - 

T 


-^VQ. 


'his  available  fraction  of  <iQ  has  been  termed  its  motivity  by  Lord 
Lelvin  ;  ^  and  it  follows  that  a  quantity  of  heat  is  wholly  available  for 
onversion  into  work  only  when  the  refrigerator  is  at  the  absolute  zero 
f  temperature,  and  in  this  case  the  motivity  of  a  quantity  of  heat  is 
qual  to  the  whole  quantity. 

The  motivity  of  any  quantity  is  simply  its  practical  value,  and  it 
5  only  when  the  refrigerator  is  at  absolute  zero  that  the  motivity 
•ecomes  equal  to  the  dynamical  value  r/Q. 

339.  Dissipation  of  Energy. — If  t^  be  the  temperature  of  the 
oldest  body  of  a  system,  the  motivity  of  a  quantity  of  heat  r/Q  at 
emperature  r  is 

f  the  quantity  </Q  be  taken  in  by  an  engine  describing  Carnot's  cycle, 
nd  if  the  quantity  rfQ'  be  ejected  at  the  temperature  t  by  the  same 
ngine,  the  motivity  still  remaining  in  di^'  is 

3  that  the  change  of  motivity  of  the  system  is 

*  W.  Thomson,  Phil.  M(ig.  arnl  rror.  Roy.  Soc.,  E<lin.,  1852. 
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and  consequently  if  the  working  substance  describes  any  closed  cycle, 
the  change  of  motivity  is 

• 

where  Q  is  the  whole  quantity  of  heat  taken  in  and  Q'  the  whole 
quantity  given  out  by  the  working  substance  during  the  cycle.  If 
the  cycle  be  reversible,  the  loss  of  motivity  will  be  simply  Q  -  Q',  so 
that  for  a  reversible  cycle  the  integral  vanishes ;  but  if  the  cycle  be 
not  reversible,  the  loss  of  motivity  will  be  greater  than  Q  -  Q',  arid 
consequently  the  integral  taken  round  such  a  cycle  must  have  a 
negative  value.  There  is  thus  a  waste  of  motivity  or  a  dissipation  of 
energy  of  the  positive  value 

If  a  quantity  of  heat  Q  passes  from  a  body  at  temperature  t,  to 
another  at  a  lower  temperature  Xg,  the  loss  of  availability  is 

that  is,  the  loss  of  availability  or  the  dissipation  is  measured  by  the 
product  of  Tq  and  the  increase  of  entropy. 

As  has  been  already  pointed  out,  the  efficiency  of  every  engine 
falls  short  of  the  ideal  limit  of  the  reversible  engine,  so  in  practice 
when  it  is  attempted  to  transform  energy,  a  part  of  it  is  necessarily 
dissipated.  Further,  as  the  energy  of  the  universe  is  constantly  under- 
going transformation,  there  is  a  constixnt  dissipation  in  operation,  and 
a  constant  degradation  to  the  final  unavailable  state  of  uniforady 
diffused  heat.  The  statement,  therefore,  that  the  entropy  of  the 
universe  is  tending  towards  a  niaxiniuni,  amounts  to  saying  that  the 
available  energy  of  the  universe  is  tending  towards  zero. 

340.  Graphic  Representations. — The  condition  of  a  substance 
being  determined  by  the  co-ordinates  of  any  point  A  (Fig.  220),  we 
may  speak  of  the  whole  energy  of  the  substance  in  this  state,  although 
this  is  a  quantity  which  we  have  no  means  of  ascertaining  experiment- 
ally. We  cannot  <leprive  a  body  of  all  it^s  heat,  and  in  the  case  of 
bodies  which  assume  the  gaseous  condition,  we  cannot  allow  the  volume 
of  the  containing;  vessel  to  increase  sufficiently  to  obtain  all  the  work 
derivable  from  the  expansion  of  the  substance,  and  so  we  cannot 
determine  the  whole  energy.  Nevertheless,  when  a  body  passes  from 
any  state  A  to  any  other  B,  by  means  of  any  transformation  repre- 
sented gi-aphically  by  the  curve  AB,  we  can  determine  how  much 
energy  the  body  receives  or  loses,  and  in  jn'actice  this  is  all  we  want. 
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Thus,  if  AP  and  BQ  represent  the  adiabatic  curves  passing  through 
I  and  B^  and  if  PQ  be  a  fictitious  curve  representing  the  zero  isother- 
lal,  then  the  area  APQB  (Art.  69)  is  the  equivalent  of  the  heat  lost 
y  the  body  in  passing  from  A  to  B  (when  B  is  below  the  line  AP 
he  heat  will  be  lost).  So,  also,  the  area  ABNM  represents  the 
xtemal  work  done  by  the  body  during  the  transformation  (when  B  is 
3  the  right  of  A  the  body  expands  and  does  external  work).  Hence, 
1  passing  from  A  to  B  the  whole  energy  lost  by  the  body  will  be 
epresented  by  the  area  APQBNM,  and  this  area  is  independent  of 
be  form  of  the  ciurve  AB. 
t  is  to  be  noted,  on  the 
ther  hand,  that  the  area 
lBNM  and  the  area  APQB 
oth  depend  on  the  shape 
f  the  curve,  and  conse- 
uently,  although  the  ex- 
emal  work  done  and  the 
uantity  of  heat  emitted 
oth  depend  on  the  nature 
f  the  transformation,  the 

hange  of  energy  of  the  substance  is  completely  determined  by  the 
coordinates  of  the  initial  and  final  states  (cf.  Art.  324). 

Hence, 

Area  APQBNM  =  U  -  Uq  =  change  of  energy. 
A  rca  ABM  N      =        W  =Jj>dv. 

Area  AP(;> B        ^  Q  =Jrd<i>. 


Fig.  2*20. 


If  the  temperature  corresponding  to  B — that  is,  the  temperature 
^  of  the  isothermal  BC — be  the  lowest  available  temperature  (for 
sample,  if  the  body  be  surrounded  by  a  medium  at  this  temperature), 
len  in  passing  from  A  to  B  the  temperature  of  the  body  cannot  fall 
elow  T^j,  and  no  part  of  the  curve  AB  can  descend  below  BC,  and 
nee  the  body  receives  no  heat  from  outside,  the  ciu've  AB  cannot  rise 
bove  AP.  The  supposed  conditions  consequently  constrain  the  path  Path  of 
^  to  lie  within  a  certain  region,  and  under  these  conditions  it  is  ^^*®^  **' 
ear  that  when  it  coincides  with  the  limiting  path  ACB,  made  up  of 
le  arc  AC  of  an  adiabatic  and  the  arc  BC  of  the  isothermal  through 
\  the  quantity  of  heat  lost  will  be  least  and  the  quantity  of  external 
ork  done  by  the  body  will  be  greatest.  The  path  ACB  is  conse- 
iiently  the  path  of  least  loss  of  heat,  and  the  area  ACBNM  repre- 
jnts  the  maximum  amount  of  work  that  can  be  derived  by  bringing 
le  substance  from  A  to  B  under  the  supposed  conditions.     This  area, 
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therefore,  represents  the  whole  energy  available  for  transformation  into 
work.     The  quantity  of  heat  given  out  along  this  path  is  obviously 

g  =  To(0  -  0o)  =  area  CPQB, 

where  <f>Q  is  the  entropy  in  the  state  B  and  </>  the  entropy  in  the  state 
A«  It  appears,  therefore,  that  if  U  and  U^  be  the  whole  energies  in 
the  states  A  and  B  respectively,  then  the  work  done  during  the  trans- 
formation cannot  exceed  the  area  ACBNM,  or 

This,  then,  is  the  energy  available  for  mechanical  piu'poses  under  the 
circumstances,  and  it  follows  that  the  greater  the  original  entropy  of 
the  body  the  less  the  available  energy  (see  further,  Sec.  VII.). 

341.  Work  obtainable  f^om  an  Unequally  Heated  Body. — In  the 
case  of  a  body  whose  parts  are  at  different  temperatures  equalisation 
of  temperature  will  be  effected  by  radiation  and  conduction,  and  a 
corresponding  dissipation  of  available  energy  will  occur.  When  such 
a  body  is  enclosed  in  a  non-conducting  envelope  so  as  to  be  cut  off 
from  thermal  communication  with  all  other  bodies,  it  becomes  a 
definite  problem  to  determine  the  amount  of  work  that  can  be  obtained 
by  bringing  all  its  parts  to  a  common  temperature  by  means  of  perfect 
thermodynamic  engines  working  between  them.     The  amount  of  work 

0 

obtainable  in  this  way  has  been  investigated  by  Lord  Kelvin,^  and 
his  results  have  been  derived  by  Professor  Tail-  in  the  following 
simple  manner : — 

Let  T^^  be  the  final  temperature  of  the  body  when  brought  to  a 
uniform  temperature  by  perfect  engines,  so  that  all  the  heat  which 
disappears  is  converted  into  work.  Then  if  another  body  at  this  tem- 
perature be  used  as  a  source  or  condenser  for  the  engines  according  as 
they  work  between  it  and  a  part  of  the  body  colder  or  warmer  than 
T„,  this  supi)lementary  body  must,  on  the  whole,  neither  receive  nor 
lose  heat.  Now,  if  an  element  of  mass  dnty  of  specific  heat  $  and 
temperature  t,  be  brought  to  t,,  l)y  means  of  a  perfect  thermodynamic 

engine,  it  loses  or  gains  a  quantity  of  heat  /  sdrndry  and  the  fraction 
of  this,  which  is  converted  into  work,  is 


Ti\ 


^hnj    ^-/% 


sih. 

T 


0 


^  W.  Thomson,  I'hU.  May.,  February  1853. 
P.  (!.  Tait,  Sk'ctch  of  Thermwii/iunnics,  p.  123. 
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he  whole  work  done  during  the  process  is  consequently 


r 

Tn 


)s    -  .  .  .  .  .  (1) 

r 


here  s  is  measured  in  dynamical  units. 
Now  the  total  quantity  of  heat  taken  in  by  an  engine  from  the 

ement  dm  is  /  sdrndr,  and  consequently  the  quAntity  given  out  by 

lis  engine  to  the  condenser  at  Tq  is 


dm 


'    r, 


/      -^Sdr. 

[ence,  since  the  condenser  on  the  whole  neither  gains  nor  loses  heat^ 
'e  must  have  for  the  whole  body 

T 

(2) 


I  dm  I     ^  sdr  = 

'     T 


*he  equation  (1)  therefore  becomes 


T 

W  =  /  dm  I    » 

^0 


T 

sdT (3) 


This  expression  is  much  simplified  by  the  supposition  that  the 
pecific  heat  s  is  independent  of  the  temperature.  In  this  case  we 
lave  at  once 

W-y  (r- T,,>rf7/i         .....         v4 

rhereas  equation  (2)  becomes 


/log  (^^^sdm  =  0, 

r 

^''^^''-       /sdm '-'^ 

If  the  body  is  homogeneous  this  expression  simplifies  still  further, 
Dr  then  s  is  the  same  for  all  the  elements,  and  if  we  write  ic^  for  the 
'^ater  equivalent  of  all  the  matter  at  the  same  temperature  Tj,  we  have 
fj  =Jsdm  (the  summation  extending  to  all  the  elements  at  temperature 
j),  and  (4)  becomes 

W  =  [^(»rT)-TolV»r)] (6) 

hile  (5)  takes  the  form 

1 

,  ^M?  loff  T        Z  loC  T'*'       ,         /       W'l      tfo     It's  \v,r' 


.  I ; 
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Hence 

Cor.  In  the  case  of  two  equal  masses  at  temperatures  Tj  and  t^ 
respectively,  we  have 

and 

both  of  which  may  be  very  simply  deduced  directly. 

Examples 

1.  If  a  system  of  bodies  at  diflferent  tctniH;ratures  and  pressures  be  contained 
within  an  adiabatic  enclosure  of  constant  volume,  prove  that  the  quantity  of  energy 
converted  into  work  will  be  greatest  when  the  system  is  reduced  to  thermal  and 
mechanical  equilibrium  as  follows  : — 

(a)  Chnnge  the  volume  of  each  body  adiabatically  till  they  all  attain  the  same 
temjKjrature. 

(/i)  The  bodies  being  all  at  the  same  temperature,  let  those  under  higher  i>ressure 
expand  isothermally  and  compress  those  under  lower  pressure  until  the  pressures  of 
all  are  equal. 

{Tlie  entropy  of  the  system  remains  the  same  throughout  this  process,  since  there 
is  no  communication  of  heat  except  between'bodies  at  sensibly  the  same  temperature, 
and  the  work  gained  is  consequently  greatest. } 

2.  In  a  Carnot's  cycle  bounded  by  two  isothermals  Tj  and  tj,  nnd  two  isentro[»ics 
0,  and  0O,  prove  that  the  area  is 

(r,     T.J    0j     <p.,). 

}Wu  have  <^>,     Tj(0j  -  0.,)  and  ^t^j^r.^l^,  -  <p.^,  and  the  area  is  (^,  -  i).,  .'.,  ttc.\ 

3.  The  area  of  a  Caniot's  cycle,  bounded  by  two  infinitely  close  isotlienuals  aud 

two  infinitely  close  iseiitropics,  is 

dTt/<p. 

4.  A  .series  of  isotliernials  corresponding  to  absolute  temperatures  in  aritliraetical 
]»rogression,  and  a  similar  arithmetic  series  of  isentroj)ics,  form  a  network,  the  meshes 
of  which  are  of  equal  area. 

').  If  the  absolute  temperature  and  the  entropy  be  taken  as  co-ordinates  to  repre- 
sent the  state  of  a  working  substance,  the  area  of  any  cycle  represents  the  heal 
abst»rb<nl,  or  ejected. 

{This  follows  from  the  relation  r/(.)  -  r'/0.  [ 

ti.   The  whole  area  between  two  isentro^tics  and  an  isothermal  is 

7.    In  the  case  of  a  perfect  gas,  determine  the  entropy  ami  prove  directly  that  tor 
a  ch».sed  cycle 

Jin  the  la-^e  «»f  a  iicrfcft  gas  we  have  'Art.  l.'»l»; 

<^^}     ,.'^r   .       ill- 

T  r  V 

.-.  V'i     '/'.Cjogp.   Klog'V  (Vlog^  :C^log'>  j 

T.I  /  .J  /'•_»  I  .J    J 
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8.  Assuming  the  specific  heat  5  of  a  liquid  to  be  constant,  determine  the  entropy 
per  unit  mass. 

{Here  rfQ  =  «rfT,  .*.  0j-02=s  log  (tj/to).} 

9.  A  unit  mass  of  liquid  at  r  is  converted  into  saturated  vaix)ur  at  the  same 
temjierature  ;  determine  the  change  of  entropy. 

{Here  we  have 

fLdni  _  L 
<Ai-^2=-  /    —    -^• 

Hence,  if  a  unit  mass  of  liquid  at  r^  be  raised  to  r  and  vaporised  at  this  temperature, 
the  change  of  entropy  is 

*  loif      -h  - . 

and  if  in  addition  the  vapour  be  sujMirheated  to  a  temi)erature  t\  the  change  of 
entropy  will  be,  assuming  the  superheated  vajwur  to  obey  the  laws  of  gases, 

»  log  -  +  —  -J-  C'r  log  — h  K  log  -■ 

The  entropy,  like  the  internal  energy,  dejwnds  only  ou  the  initial  and  final  con- 
ditions, and  consequently  the  foregoing  expression  should  be  inde|>endeut  of  the 
temperature  r  of  ebullition,  so  that 

{s  -  C)  log  T  -4  L/r  -  R  log  V  --  0.  \ 

10.  If  a  body  describes  a  closed  isothermal  and  if  it  Is  revei-sible  its  area  is  zero, 
consequently  it  consists  of  two  or  more  looi)s  (cf.  p.  479). 

11.  If  the  internal  energy  of  a  body  be  a  function  of  the  temperature  only,  ])rove 
that  its  characteristic  equation  is  of  the  form 

yy  =  r/"(r. 

IIu  this  case  we  have  UO  =  -  .-dr  vpdr,  therefore  r/0— -  -  '/r  +  -(/r,  and  couse- 
quently    dv  must  be  a  perfect  ditferential — that  i«,  p/r  must  be  a  function  of  v.} 

12.  If  a  substance  be  such  that  U  increases  uniformly  with  r  when  v  is  constant, 
and  unifonuly  with  t;  wlien  t  is  constant,  and  if  C^,  be  constant,  find  the  character- 
istic equation. 

{Evidently  we  must  have  dll  —  adr  +  Uh\  where  n  and  b  are  (fonstants.     Therefore 

(l{l  =  T(f<f>  —  dl','i-pdv  =  adT  +  {h  +  p)dv  .         .         .         (1) 

But  since  dif>  is  a  i^rfect  differential  it  follows  that  {b-^-p)/T  must  be  a  function  of  t;, 

or 

0  \  2'  -  V  ^  V)     .....         .         (2) 

Hence  if  i>  and  r  1x3  taken  as  indo|>endent  variables,  we  have  by  (1)  and  (2) 

dQ  =  ra^{b  +p) [-^yfr  +  [b  i-//) ^-J-^  dp  =.  ^t,  ~      j  dr  ■^  y,  dp. 
Therefore 

Hence 

(((  -  Cy,,)  >_,  -dv,     or  Cy,  -  'f  =  {v  +  c'f, 

where  t*  is  a  ctmstant.      Uut  /  -  />  -  j/'r,  therefore  the  required  relation  is 

ji-i  b  '  r-rC}  =  [i.\.-    (rjT.\ 
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13.  If  Cp  aod  Cr  be  both  constant,  show  that  U  may  be  expressed  as  a  liDear 
function  of  r  and  r. 

14.  Two  non-condncting  vessels  of  volumes  Vi  and  r,  are  connected  by  a  tabe 
furnished  with  a  tap.  The  vessels  are  filled  with  gas  at  the  same  temperature  and 
at  pressures  pi  and  jt^  respectively.  The  tap  is  opened  and  the  gas  is  allowed  to  fill 
both  vessels  ;  find  the  change  of  entropy,  prove  that  it  is  positive,  and  explain  whj 
there  is  any  change  of  entropy  (cf.  Art.  334). 

15.  If  a  substance  obeys  Boyle's  law,  and  if  its  internal  energy  be  a  function  ot 
the  temperature  only,  prove  that  its  characteristic  equation  is 

pv  =  Rr 
where  R  is  a  constant. 

{If  the  substance  obeys  Boyle's  law,  then  the  function /(r)  of  Ex.  11  must  be 

simply  a  constant  divided  by  r.     Therefore,  etc. } 

16.  If  the  characteristic  equation  of  a  substance  be  pr^Kr,  prove  that  the  in- 
ternal energy  depends  on  the  temperature  only. 

{We  have 

d4>= f    ■--  =  —  +  R  — 

T  T  T  V 

The  final  term  being  a  perfect  differential,  it  follows  that  dV/r  is  a  perfect  differ- 
ential, but  dU  is  also  a  perfect  differential,  .  * .  etc. } 

17.  A  unit  mass  of  gas  expands  from  a  volume  v^  to  a  volume  t^  without  doing 
external  work  {e.g.  into  an  empty  vessel) ;  find  the  loss  of  motivity. 

[Ans,  TqR  log  (iv'ri). 


SECTION   IV 

THERMODYNAMIC   FORMULAE 

842.  Fundamental  Differential  Equations. — In  general,  the  con- 
dition of  a  substance  is  completely  determined  by  any  pair  of  the 
quantities  j?,  v,  t,  <^,  U,  and  in  solving  any  thermodynamic  problem,  the 
pair  most  suitable  for  the  purpose  in  hand  must  be  chosen  as  inde- 
pendent variables.  The  quantities  among  which  relations  are  most 
commonly  established  by  the  theory  of  heat  are  p,  v,  t,  <f>,  the  two 
specific  heats,  and  the  latent  heats  of  change  of  state.  These  variables 
are  connected  by  two  distinct  equations 

dQ=d\J  +  d\\ (1) 

and  ;  '  I 

dQ  =  Td4>  .    \J     .        .     '   .        (2) 

furnished  by  the  first  and  second  fundamental  principled  of  thermo- 
dynamics. When  two  distinct  equations  are  obtained  l)etween  any 
number  of  variables,  we  can  proceed  by  known  methods  to  deduce 
other  relations  among  the  variables  which  are  often  very  useful  and 
remarkable. 

Thus,  starting  from  equations  (1)  and  (2),  we  obtain  by  equating 
their  right-hand  members 

Td<p=:>fi:+d\\ (3) 

or,  in  the  case  in  which  the  only  external  force  is  a  uniform  normal 
pressure  j?,  we  have 

dU  =  Td<l>-pdv  .....         (4) 

We  shall  deal  at  present  with  this  simpler  case,  and  proceed  to 
express  (4)  in  terms  of  any  two  independent  variables  x  and  y  which 
determine  the  condition  of  the  body.  These  symbols  may  be  subse- 
quently replaced  by  any  pair  of  the  quantities  p,  ^\  t,  <f)  at  pleasure. 
Now  since  <f>  and  v  are  supposed  to  be  expressible  in  terms  of  x 
and  y,  we  have 

,        dd).       d4>  .  ,  J       dr  J     ,  dr  , 

d<b  =  ~d.i-  +  -r-dy,     and  dv  -  -;-  ''.*•  +  -r-diL 
^     dj'  dy  *"  dx         dy  "^ 

1Z1  'A  V» 


738  THEORY  OF  HEAT  chap,  vin 

Therefore  equation  (4)  becomes 

Consequently  it  follows  that  the  coefficients  of  dx  and  dy  in  this 
equation  are  the  differential  coefficients  of  U  with  respect  to  z  and 
y  respectively,  or 

rfU  __    d<t>       dv  ,  d\5  _    dip       dv 

djc~    dx     ^ d^  dy~    dy       dy' 


But  since  d\]  is  a  perfect  differential,  we  have 

d /rfU 
dy\dx 


that  is, 


n  )~dx\dy  )' 


d  f  dtp       ^^\_^/  ^4*       ^^^\ 
dyydx  ~^dx)  ~dx\"dy  "  ^jj' 


(5) 


or  finally,  we  are  furnished  with  the  elegant  relation 

dr  dip     dr  dtp _dp  dv     dp  dv 
dx  dy     dy  dx    dx  dy    dy  dx 

the  direct  geometrical  interpretation  of  which  is  that  correspoDding 
elements  of  area  are  equal  whether  referred  to  p  and  t»,  or  t  and  </s 
as  rectangular  co-ordinates. 

By  choosing  x  and  y  as  any  pair  of  the  four  quantities  py  r,  t,  </», 
this  equation  yields  at  once  the  following  thermodynamic  relations, 
connecting  thermometric  and  calorimetric  phenomena. 

848.  First  Relation.  —  If  <^  and  v  be  chosen  as  independent 
variables  in  the  fundamental  equation  (5)  of  the  preceding  article,  we 
obtain,  replacing  r  by  <f>  and  //  by  r,  and  noticing  that  consequently 
d<f);dx=\,  and  dvjdy=\,  and  that,  in  addition,  since  </>  and  r  are 
supposed  independent,  we  must  have  dcfijdy  =  0  and  drfdjc  =  0,  so  that 
(5)  reduces  to 

V^'V«^~       \d<p)p 

In  this  equation  dr  is  the  change  of  temperature  experienced  by 
the  substance  in  passing  along  an  element  of  an  adiabatic  line  (^ 
constant),  and  the  left-hand  member  is  the  rate  of  change  of  tempera- 
ture when  the  volume  varies  adiabatically,  or  the  change  of  tempera- 
ture per  unit  change  of  volume  during  an  adiabatic  transformation. 
In  the  right-hand  member  dp  is  the  change  of  pressure  caused  by 
change  of  heat  while  the  volume  is  kept  constant,  and  the  right- 
hand  member  is  the  change  of  pressure  per  unit  change  of  entropy 
at  constant  volume. 

The  relation  then  asserts  that  during  an  adiabatic  expansion  the 
fall  of  temperature  per   unit   increase   of   volume    is    equal    to  the 
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1. crease  of  pressure  per" unit  increase  of  entropy  at  constant  volume; 
■:*  equal  to  the  absolute  temperature  multiplied  by  the  increase  of 
"ressure  per  (dynamical)  unit  increase  of  heat  at  constant  volume, 
Luce  rfQ  =  Td<f^  and  consequently  the  relation  may  be  written  in  the 
orm 


(a-'(?^- 


344.    Second    Relation.  —  Choosing   r   and    v    for   independent 
'enables,  we  have  in  the  general  equation  (5)  x  =  Tj  y  =  r,  and 

rfr     ,        rfv      ,       dr     .       dv 
ax  ay  ay  dur 


Lnd  consequently  the  equation  reduces  to 


er).-( 


dp\ 

dr). 


(II) 


rhich,  being  interpreted  as  before,  means  that  the  change  of  entropy 
)er  unit  change  of  volume  at  constant  temi>erature  is  equal  to  the 
.'hange  of  pressure  per  unit  change  of  temperature  at  constant  volume, 
)r  writing  it  in  the  form 

(S).= '(2); 

re  find  that  the  change  of  heat  per  unit  change  of  volume  at  constant 
emperature,  or  the  latent  heat  of  isothermal  expansion,  is  equal  to 
he  absolute  tempei*ature  multiplied  by  the  change  of  pressure  per 
init  change  of  temperature  at  constant  volume. 

For  example,  in  the  case  of  a  body  changing  state  at  constant 
emperature,  if  L  be  the  quantity  of  heat  necessary  to  change  unit 
oass  of  the  substance  from  the  first  state  into  the  second,  and  if  i\ 
nd  V.J,  be  the  corresponding  specific  volumes  of  the  substance,  the 
rhole  change  of  volume  is  r.,  -  i\  (supposing  the  volume  to  be  greater 
1  the  second  condition  than  in  the  first),  and  hence  the  change  of 
eat  per  unit  change  of  volume  is  L  (r^  -  r^),  and  the  equation  becomes 


345.   Third  Relation. — Choosing  p  and  <j>  for  independent  vari- 
bles,  we  have  x=p,  y  =  </>, 

dp  d<p  df_         dp_ 

dx~   '      dy'    '      </;•"'      f7»/~"' 

id  equation  (5)  reduces  to 
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which  asserts  that  the  change  of  temperature  per  unit  increase  of 
pressure  during  an  adiabatic  transformation  is  equal  to  the  change 
of  volume  per  unit  increase  of  entropy  under  constant  pressura  Or 
writing  the  relation  in  the  form 


/rfr\    _    (dv  \ 


we  find  that  the  adiabatic  rate  of  change  of  temperature  with  pressure 
is  equal  to  the  absolute  temperature  multiplied  by  the  increase  of 
volume  per  unit  of  heat  supplied  under  constant  pressure. 

This  relation  also  leads  to  the  final  equation  of  the  preceding 
article. 

846.  Fourth  Relation. — If  we  now  take  t  and  p  as  independent 
variables,  we  have  x  =  t^  y  =  p^ 

dx       '      dy       '      dy     "'      dx       ' 

and  the  fundamental  equation  reduces  to 

&t),=-(a '"■' 

which  implies  that  the  decrease  of  entropy  per  unit  increase  of 
pressure  during  an  isothermal  transformation  is  equal  to  the  increase 
of  volume  per  unit  increase  of  temperature  under  constant  pressure- 
that  is,  the  expansion  av.     Writing  the  relation  in  the  form 


dpJr 


^'  \h)r   '   "■"' 


we  see  that  the  heat  given  out  by  the  substance  per  unit  increase  of 
pressure  at  constant  temperature  is  equal  to  the  continued  product  of 
the  absolute  temperature,  the  volume,  and  the  expansibility. 

From  this  formula  it  follows  that  if  a  is  positive — that  is,  if  the 
substance  expands  with  heating — then  (Ki/djj  must  be  negative ;  or,  in 
other  words,  a  quantity  of  heat  must  be  taken  away  from  the  Ixxly 
in  order  to  keep  its  temperature  constant  when  the  pressure  i^ 
increased.  It  follows,  therefore,  that  increase  of  pressure  is  accom- 
panied by  a  development  of  heat  in  the  case  of  bodies  which  exiximi 
on  being  heated,  and  similarly  increase  of  pressure  will  produce  a 
lowering  of  temperature  in  the  case  of  bodies  which  contract  when 
heated. 

These  theoretical  conclusions  have  been  confirmed  by  many  ex- 
periments. Thus  Joule  ^  found  that  water  when  suddenly  compressed 
at  temperatures  above  4    C.  showed  an  increase  of  temperature,  while 

^  Joule,  r/iil.  Trans.,  1859  ;  Scientific  Papers^  p.  474. 
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.t  temperatures  below  4^  the  opposite  effect  was  produced.     The  liquid 
vaa  enclosed  in  a  strong  vessel  furnished  with  a  cylinder  in  which,  a  Thermal 
)iston  worked,  and  the  pressure  could  be  suddenly  changed  by  loading  c^^^ppg^. 
:he  piston  with  weights.     The  change  of  temperature  was  measured  sion. 
Dy  a  thermo-electric  couple  of  copper  and  iron  wires,  one  junction  of 
which  was  placed  in  the  middle  of  the  liquid  under  examination,  and 
the  other  in  a  bath  of  water.     Sperm  oil  was  also  examined,  and  the 
Bxperimental  results  in  all  cases  were  in  close  accord  with  the  numbers 
derived  from  theory. 

The  effect  of  suddenly  placing  a  wire  or  a  bar  of  any  substance 
under  tension  is  the  same  as  suddenly  reducing  the  pressure  (a  tension 
being  a  negative  pressure),  so  that  wires  of  such  substances  as  iron, 
copper,  lead,  etc.,  when  suddenly  stretched,  show  a  cooling  effect, 
while  vulcanised  india-rubber  and  wet  bay  wood  were  found  by  Joule 
to  exhibit  a  heating  effect. 

347.  Fifth  and  Sixth  Relations. — The  foregoing  thermodynamic 
equations  are  generally  known  as  "  the  four  thermodynamic  equations." 
Two  other  relations  may  be  obtained  immediately  from  equation  (5) 
by  choosing  p  and  r,  or  t  and  </>,  for  independent  variables.  Thus,  if 
p  and  V  be  chosen,  we  have 

dx     ^'     df/     ^'     dy     "'     dj'    "' 

and  the  fundamental  equation  (5)  becomes 

\dp)\dv),r\di^),!^ip)=^  ....     (V) 

In  like  manner,  if  t  and  <f>  be  chosen  as  independent  variables,  we 
have 

^=1    ^=1    '^':=o   ^=0 

dx     ^'     dy     ^'     dy       '     dx     "' 

and  equation  (5)  reduces  to 

(g).(S).-(:;s),('T;).-   ■  ■  •  <"> 

an  equation  which  may  be  directly  deduced  from  (V)  by  substituting 
in  it  from  the  four  thermodynamic  relations. 

348.  The  Four  Thermodynamic  FormulsB. — The  four  thermo- 
dynamic formulae  deduced  above  as  particular  cases  of  the  general 
equation  of  Art.  342  may  also  be  deduced  directly  by  writing  the 
equation 

d\5  =  Td<p-]idv (1) 
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in  the  equivalent  forms — 

rf(U  -  r0)  =  -  <pdT  -  pdv (2) 

d{\J  +  pv)  =  rd<f>  +  vdp    .....        (3} 
d{\] -T<t>-\-pv)=vdp-<t>^T  .         .        i'4 

Thus,  from  (1),  it  follows  that 


/ 1' 


(SI=^'  ^"KS),= 


=  -p 


;..» 


the  first  of  which  expresses  that  the  absolute  temperature  measures 
the  increase  of  internal  energy  per  unit  change  of  entropy  at  constant 
volume,  or  that  the  change  of  internal  energy  at  constant  volume  is 
equal  to  the  heat  received,  and  the  second  expresses  that  the  pressure 
measures  the  decrease  of  internal  energy  per  unit  increase  of  volume 
during  adiabatic  expansion.  DifTerentiating  the  first  of  the  equations 
(5)  with  respect  to  r,  and  the  second  with  respect  to  </>,  we  have 


/dT\    ^_(dp\ 


which  is  the  first  thermodynamic  relation. 

Similarly,  from  equation  (2),  if  w^e  write  U  -  t</)  =  ^,  we  have 

with  corresponding  interpretations,  and  from  these  it  follows  that 

(2),-(:*). " 

which  is  the  second  relation. 

So  also,  if  we  write  U  ■rpv  =  y\  equation  (3)  gives  us 

Hence 

which  is  the  third  relation. 

Finally,  writing  U  -  tc/)  +  pr  ^  <I>,  we  have  from  equation  (4) 

[dp)r''     ^"n^.l^"^' 
therefore 

('':)- -(f) 

\dTj,,  \dl>Jr 


III 


IVi 


which  is  the  fourth  thermodynamic  relation. 

349.  General    Equations. — In   the   foregoing    investigations   the 
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only  external  force  acting  on  the  body  was  supposed  to  be  a  uniform 
normal  pressure  p.     In  the  general  case  the  energy  equation  will  be 

dQ  =  d\J  +  dW (1) 

which,  with  the  relation  rfQ  =  Td<f>,  may  be  written  in  the  form 

<nJ  =  rrf0-rfW (2) 

Now  if  x  and  y  be  any  two  independent  variables  which  determine  the 
condition  of  the  body,  we  have 

•"■(S).-'"(2:);". 

and 

It  is  to  be  remembered,  however,  that  dW  is  not  a  perfect  differ- 
ential, and  that  consequently  -fir  r^  ^^^  equal  to  j-(  ^ .  )• 
Substituting  for  dif>  and  d\\  in  equation  (2),  we  have 

/  d<f>   d\y\        (  d<p   rfw\  . 

consequently 

d\5      d<p    dW        .  dV      d<f>    rfW 
,    =r,^--,    ,    and -,    =  T  .- -    ,  ...         (3) 

d,r       djc      dj'  df/        dy      dy 

But  (fC  is  a  perfect  differential,  therefore 

d^/    d^y^'\_d(   d<t>_d\\\ 
dy  \dj:      th'  )  "  dj'  \    dy      dy  ) ' 

which,  since  d<f>  is  also  a  perfect  differential,  reduces  to 

dr  d<^_  dr  d<p  _  d  fdW  \      d  (d\y\ 
d,i'  dy     dy  d-r  ~dj\  dy  )     di/\  d.r  / 

The  right-hand  member  of  this  equation  is  termed  by  Clausius  ^  "  the 
work  difference  referred  to  a:y,"  and  is  denoted  l^y  the  symbol  D^. 

This  may  be  reganled  as  the  general  differential  equation  for  </>, 
and  when  the  only  force  is  a  uniform  external  pressure  it  reduces  to 
the  equation  of  Art.  342. 

In  the  same  manner,  by  eliminating  (j>  from  equations  (3),  we  obtain 
a  general  differential  equation  for  U.     Thus 

d,K     T  \d.r      d.i'  /  dy     r  \dy       dy  / 


1  t"^ 


Clausius,  Alechanical  Theory  of  Heat ^  p.  114. 


) 
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and  consequently,  since  d<f>  is  a  perfect  differential,  we  have 

(iy\T  dx     T  cU  )     dx\T  dy     r  dy  / 

which  reduces  to 

dx  dy     dy  djr~      L^V^  dy  )     dy\r  dx  J  J 

When  the  only  external  force  is  a  uniform  pressure  p,  this  becomes 

drdV     dr  dU  _  ^rd{p/T)  dv    djjpjr)  dvl  , 
dx  dy     dy  dx         \_^    dx     dy       dy     dxj  * 

and  when  the  variables  are  p  and  v,  this  becomes 

dTdrdVdTdU 
dp~ dp  dv     dv  dp' 


Examples 

1 .  Apply  the  relation  (5)  to  prove  that  the  difference  of  the  specific  heats  of  any 
substance  may  be  expressed  in  the  form 

c.-c=,(*).(*),--!s| 

\dv)r 

{We  have 

"(2).(:;;)„[(i),C2).^(^;).(?)j'— '■' 

2.  Prove  that  the  ratio  of  the  adiabatic  and  isothermal  elasticities  of  any  sub- 
stance is  the  same  as  the  ratio  of  the  two  specific  heats. 

{We  have 


Hence 


(dp\    idT\         /d<p\    /rf/A 
E^^\drJ^\dvJ<t,^\drJ^\d<pJr 
Er     '('lj>\  (d<p\        /<h\    /dp\ 


in  virtue  of  tlic  thermodynamic  relations. 
Hence 


3.   Prove  that 


/d<p\    (im 

^^\dT  J^^Kdrl^^Cj,   \ 
Et      (d(p\        /VAM        C/J 
[dTjr      \dr  L 


'^^^-^'<S)/''^^<:J);^^- 
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{The  first  member  of  the  right-hand  side  is  the  quantity  of  heat  required  to  be 
added  to  the  substance  while  its  temperature  changes  by  dr^  and  the  volume  changes 
by  do  under  constant  pressure.  Similarly  the  second  member  is  the  quantity  of  heat 
required  to 'be  added*  while  the  volume  is  kept  constant.  The  sum  of  the  two  is  the 
whole  quantity  required  when  both  vohune  and  pressure  vary. 

Otherwise  thus 

•''-{«)/"(f)*-(s;;:)/-(fS).* 

-<-''(s)/"<'-(|)*- 

In  the  case  of  a  perfect  gas  j[>v=Rr,  and  we  have 

r  ^  V  p 

which,  when  rfQ=0,  gives  jt>ry= const.} 

4.  Substituting  this  value  of  dQ  in  the  equations  r/Q=dU+/>rft?,  and  dQ  =  Td^, 
show  that,  p  and  v  being  independent  variables, 

dv 


dv 
Hence  deduce  the  relation 


d_(C,dr^\^d_/C„dT\ 
iv\T  dp/~dp\T  dvj 

».--(2).(a- 


5.  If  ^Q  be  the  quantity  of  heat  absorbed  during  an  isothermal  expansion,  prove 
that 


.rfQ=(c,-a)(J)^</,.. 


{This  follows   from   the   above  expression   for  rfQ,   Ex.   3,   together  with  the 
isothermal  condition 

6.  Assuming  Clapeyron's  equation  for  au  isothermal  transfonnation, 

where  f{$)  is  some  unknown  function  of  the  temperature  centigrade,  we  have,  by 
equating  this  value  of  ofQ  to  that  of  Ex.  5, 


But  by  Ex.  1, 


therefore 


and 


/('')=;£• 


which  is  the  second  thermodynamic  relation. 
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7.  Writing  the  equation  for  rfQ  in  the  form 

where  I  is  the  latent  heat  of  isothermal  expansion,  prove  that 

,       dp  ,  dC,       (ih) 


{The  equation  is  equivalent  to 


and  consequently 

also 
therefore 


d4>=-  {C^T  +  ldr), 

T 


dv\T  J''dT\Tj   ' 

dV  =  C/iT  +  niv-pdv, 


dCt,     d    .      . 


conse(iuently  by  comparison  we  obtain  the  relations  in  question.     For  a  unit  mass 
of  liquid  converted  at  constant  temperature  into  vapour  we  have 


I'a  -  X'l        dr  J 


8.   Prove  that 


{We  have  by  Ex.  3 


dQ  =  C/fr  +  (Cp-Ce)57yr. 


dr 

1n^ 


op  '  av 


But 


dr  (h 

dT=       dp-i—dr  : 
d}>         dv 

therefore  by  substituting  for    ,   (fj)  we  obtain  the  relation  in  question. 

Tliis  relation  con]j)ared  witli  that  of  the  preceding  exanii>le  shows  us  that 

/—  -r  i'C„  -  CV'  -,  =  T  y  .     See  Kx.  l.I 
'  dv        dr 

p.  Writing  tlie  equation  for  dt^  in  the  form 

dQ  ^  r,,dT  -r  /'dp, 


j»rove  thai 


,,  dv  .  d(,.  d-v 

I  —  -  T  ^    =  -  Tva,      and     ,     —  -  r  ,  ... 

dr  d/f  dr- 


10.   Prove  by  <iirect  transformation  tliat  the  eiiuation 


di\_    d-p 
dv  d.T~ 


ia  equivalent  to 
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11.  In  the  case  of  a  saturated  vaponr  the  pressure  is  independent  of  the  volume, 

and  consequently  the  equation 

rfC,_    d^ 

leads  to  the  equation 

12.  Show  that  the  relations 


(irUiv)     dvydr)     dr' 

d  (dQ\_d_/dq\^\  rfQ 
dT\dv  J     dvydr  J     r  dv^ 


±(dQ\_    d^p 
dv\dTj     '^dr^ 

are  equivalent  forms  of  the  second  thermodynamic  relation. 
13.  In  the  same  manner  prove  that 

rf 
rfr 


[dp  J     df)\  dr  J  ~     dr 

rfr  \ dp  J     dpxdr  j  ~ T  dp* 

rf^/rfQN      _    rf'-^r 
dp\dT)~      ^dr^ 


are  e<iuivalent  forms  of  the  fourth  relation. 
14.  Show  that 


rf^ /rfQ\  _  rf  /rf(^  \  _    _  1 /rfr  rfQ  _  rfr  rfQ\ 
rfp \ rfr  /     dv\  dp  )~    ~  T\dp  rfr     dv  dp  J 


are  equivalent  fonus  of  the  fifth  relation. 
16.   If 


and 


prove  that 


and  similarly  if 


prove  that 


n,      /dxd;/    dxdi/Sj. 
^^"-V'idv'dv'dir"- 

A  -  3r''/i''w\  <//i</w\-| 

'^"-"Id^Kr  diJ-'dAr  d^ji' 


_[djdii    dj-dii\ 

^"-{T^dv-.ivdi)^^'- 

16.   Prove  that  when  the  only  force  is  a  uniform  external  pressure 

'^'i=c;c;[<'-(rr);'-«'(S")/^'} 

{We  have 
by  the  second  thermodynamic  relation. 
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Similarly 

•«-(S)/"(S)*-'='-'-'(£)* 

by  the  fourth  thermodynamic  relation. 

Eliminating  dr  by  means  of  these  two  equations,  we  obtain  the  expression  in 
question. 

In  the  case  of  a  perfect  gas  the  corresponding  equations  are 

V 

rfQ  =  Cjadr dp, 

17.  Find  the  relation  between  the  specific  heats  of  a  gas,  if  the  quantity  of  heat 
Q  required  for  a  transformation  of  a  gas  depends  only  upon  the  initial  and  final 
states. 

{We  have  the  foregoing  equation 

(Cp  -  C,)dQ  =  C^rdp  +  Cppdv. 

Hence  if  dQ  is  the  complete  differential  of  a  function  ofp  and  v,  we  hare 

d^f    C^v_\_±/jCpp    \  ,. 

dv\Cp-Cj~dp\Cj,-C~)         .         .         .        .        l^^ 

This  equation  cannot  be  satisfied  if  Cp  and  C»  are  different  constants,  but  if  they  be 
considered  as  unknown  functions  of^  there  is  an  infinite  number  of  solutions. 

One  of  historic  importance  is  found  in  the  supposition  that  Cp -C,= const =R, 
then  equation  (1)  becomes 

t/.v         dj) 
or 

Cp  =  R  log  (r)f  F(;>tO i2) 

Y{pv)  being  an  arbitrary  function  of  jtv,  and  consequently  of  the  temperature  t. 
Hence,  if  for  the  same  temperature  eacli  of  the  two  specific  heats  (the  difference  of 
which  is  supposed  const.)  increases  proportionately  to  the  logarithm  of  the  volume, 
then  heat  may  be  regarded  as  a  substance,  the  presence  of  which  in  greater  or  less 
quantity  determines  the  thermal  state  of  a  body.  Accepting  this  hypothesis,  which 
is  contradicted  by  all  the  facts,  we  may  calculate  the  quantity  of  heat  in  the  gas. 
Thus  writing  ¥{pv)  =  <p'{pv)  for  facility,  we  have 


Therefore 

hence 
or 


t\=R\ogv  +  (l>\pv), 

C^  =  C.  +  K  =  R  +  R  log  r  +  <p\pv), 

RdQ  =  C,vdp-hCj,pdv 
=  (p'ipv){vdp  +2)dv)  +  l\p(h 4  R  log  vivdp  +pdv)  ; 

RQ  -  (f>(pv)  +  Hpv  log  r, 
Q  =  i^ir)  -t  Rr  log  r, 


the  function  v^  being  left  indeterminate. 

Carnot  regarded  heat  as  a  substance,  and  conse(|uently  admitted  that  the  specitic 
heats  increased  as  the  logarithm  of  the  volume.  This,  however,  remained  to  be 
tested  by  exjjeriment.  [ 
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18.  Show  that  the  quadrilateral  area  between  the  lines  r=a,  T  =  a+da  and  0=/3, 

dr  dtft    dr  d4> 
dp  dv     dvdp* 

and  hence  show  that  when  quantities  of  heat  are  measured  in  thermal  units 

dr  d<f>    dr  d<p_l 
dp  dv     dv  dp" y 

{Cf.  Equation  (5),  p.  738. } 

19.  Employ  the  equation  of  Ex.  3  to  prove  that 

{Dividing  both  sides  by  r  we  have 

d^fC^dr      d^_Cf,dT 
dp~  T  dp*     dv~  T  dc* 

which,  by  means  of  the  final  equation  of  the  preceding  example,  reduces  as  re- 
quired.} 

20.  Prove  that  if  a  be  the  coefficient  of  expansion  the  element  of  heat  communi- 
cated to  a  body  may  be  expressed  in  the  form 

rfQ  =  Cj/f  r  -  avrdp. 
{We  have 

and  by  the  fourth    thermodynamic   relation   this  transforms    into   the   required 
expression.} 

21.  Prove  that 

rf(U  -rpv)  =  Cf/lr  -r  v{\  -  aT)dp. 

22.  Deduce  the  relations — 

dp  _  dr  d<f>     dr  d<p 
dV'dUTTv'dvdV 

dv  _d<p  dr     d<fi  dr 
d\]~d\Jdp'~dp  dU 

dr  _  dp  dv     dp  dv 
dV  ~ dU  d^"di>  d\j 
dip  _  dv  d/t     dv  dp 
(7U  ~ dli  dh-  "  dr  7(b' 

{Tliese  follow  from  equation  (5),  p,  738  by  taking  as  indei>endent  variables  U 
and  one  of  the  quantities  r,  jp,  0,  r. } 

23.  [Find  the  rate  at  which  heat  has  to  be  supplied  to  a  liquid  film  in  order  to 
keep  the  temperature  constant,  when  the  area  is  increaseci. 

The  energy  equation  in  this  case  is,  if  T  denotes  surface  tension. 

d[:=dQ  +  TdS, 
or 

d{U-<pT)=  -tpdr  +  TdS. 
therefore 

d4>\  _(dT 
dSJr     Kdr)^' 
therefore 


-( 
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or,  the  latent  heat  of  extension  is  equal  to  the  al>solute  temperature  multiplied  by 
the  rate  of  decrease  of  surface  tension  with  temperature.  According  to  experiments 
by  Lord  Kelvin,  the  heat  required  to  keep  the  temperature  constant  is  equiTtlent 
to  nearly  lialf  the  work  done  in  stretching  the  film. 

24.  Find  an  expression  for  the  difference  between  the  specific  heat  of  a  substance 
at  constant  pressure  p  and  at  constant  atmospheric  pressure. 

By  the  fourth  thermodynamic  relation 


therefore 

dpd 
or 


therefore 

dp 


therefore 


(d<^\   _     (dv\ 
Vdp)r~"\dr); 


SECTION   V 


CHANGE   OF   STATE 


350.  The  Fundamental  Equations.  —  The  general  phenomena 
attending  the  change  of  state  of  matter  have  been  described  in 
Chapter  V.,  and  we  shall  now  consider  them  from  the  point  of  view  of  the 
thermodynamic  theory,  and  deduce  the  laws  applying  to  the  passage 
of  matter  from  any  one  of  its  three  typical  states  to  any  other.  Our 
results  apply  alike  to  the  passage  from  the  liquid  to  the  solid  state,  or 
from  either  of  these  states  to  the  condition  of  saturated  vapour ;  but 
for  the  sake  of  definiteness  we  may  keep  in  view  one  particular  change 
of  state,  say  that  of  a  liquid  into  its  saturated  vapour.  The  character- 
istic of  such  a  transformation  is  that  the  pressure  depends  on  the 
temperature  alone,  and  not  on  the  volume,  so  that  p  and  r  cannot  be 
chosen  as  independent  variables  defining  the  condition  of  the  substance. 

Let  us  take  the  case  of  a  unit  mass  of  any  substance  existing  partly 
in  one  state  (say  liquid)  and  partly  in  another  (saturated  vapour),  and 
let  i7j  and  v^  be  the  specific  volumes  of  the  substance  in  the  first  and 
second  states  respectively.  Then  if  the  quantity  of  matter  in  the 
second  state  be  w,  the  quantity  in  the  first  state  will  be  1  -  m,  and 
the  whole  voliune  of  the  mixture  will  be 

AMien  v  and  ^,  or  v  and  t,  are  known,  i\  and  v.,  can  be  expressed  in 
terms  of  them,  and  the  quantity  m  can  be  determined.  When  a 
further  quantity  dm  of  the  mass  changes  state,  the  quantity  of  heat 
necessary  to  effect  the  transformation  is  dCl  =  hdm,  where  L  is  the 
latent  heat  of  change  of  state,  and  in  this  case  the  pressure  is 
supposed  constant,  so  that  the  volume  v  of  the  mass  changes  ac- 
cordingly. If,  however,  the  whole  volume  v  be  kept  constant,  the 
transformation  of  dm  will  entail  a  change  of  temperature  and  a 
corresponding  change  of  pressure  throughout  the  mass ;  so  that  if  s^ 
be  the  specific  heat  of  the  substance  in  the  first  state,  and  s.^  that  in 
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the  second,  as  explained  below,  the  transformation  of  a  small  quantity 
dm  of  the  substance  will  produce  a  small  change  of  temperature  dr 
throughout  the  whole  mass,  and  the  quantity  of  heat  necessary  to  the 
operation  will  be 

dQ  =  Ldm-^  {si{l-7n)  +  s.2m\dT  .         .  .         .        (1) 

But  dQ  =  rd<f>y  and  consequently 

d<f>=-dm-\--^ '- f_rfr  .....        (2) 


\dm)r    t'  \dTj,n  T 


We  have  thus  the  otherwise  obvious  relations  ^ 

.        (3) 

Now  d<f>  is  a  perfect  differential,  and  therefore  these  equations  give  us 

d  J 8^(\ -vi)-i-82in\  _d /h\ 
dm\  T  /  ~dT\T)  ' 


that  is. 


•'<o) 


(4) 


The  first  of  the  equations  (3)  is  merely  a  statement  of  the  fact  that 
under  constant  pressure  (or  temperature)  dQ  =  hdm,  and  it  at  once 
leads  to  another  fundamental  equation.  For  since  the  whole  change 
of  volume  per  unit  mass  in  passing  from  one  state  to  the  other  is 
r^  -  i\y  we  have  for  the  change  of  volume,  when  the  quantity  dm  is 
transformed  under  constant  pressure,  dv  =  {i\,  -  i\)dm.     Hence  the  first 

of  the  equations  (3)  gives 

.  /  ''0  \      T^ 
\<n'/T      r 

or  by  the  second  thermodynamic  relation  (Art.  344), 

T  \   (IT  J  ^ 

If  the  change  of  state  takes  place  in  such  a  way  that  p  is  independent 
of  /•,  the  suffix  may  be  omitted  in  dp^dr. 

Equations  (4)  and  (5)  are  the  fundamental  thermodynamic  formuhv 
applying  to  the  ]mssagc  of  a  substance  from  any  one  of  the  three  states 
of  matter  to  any  other,  whether  it  l)e  liquefaction,  vaporisation,  or 
sublimation.  The  (quantities  s^  and  s.,  are  the  specific  heats  of  the 
substance  in  the  two  states  under  the  conditions  of  pressui'e  and  volume 
at  which  the  transformation  takes  place,  and  in  the  operation  considered 
above  they  agree  neither  with  the  specific  heat  at  constant  volume  nor 
with  that  under  constant  pressure  ;  but  in  the  case  of  the  liquid  or  solid 
the  specific  lieat  under  constant  pressure  may  be  used  without  serious 

'  Obvious,  since  when  r  is  coiistanl  d(^  =  \j.iin  =  T(i<p,  wliicli  is  the  first  relation 
and  wlu'ii  ni,  is  constant  d(l  =  s^{A  -  iit)<lT  +  s-^indr  --  rdtp,  which  is  the  second. 
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Tor,  as  the  dilatation  and  external  work  are  small.  In  the  case  of 
le  saturated  vapour,  however,  the  specific  heat  employed  here  is  the 
uantity  of  heat  required  to  raise  the  temperature  of  unit  mass  of 
le  saturated  vapour  one  degree,  while  the  pressure  is  so  varied  that  the 
lass  is  kept  at  the  saturation  point  throughout  the  operation.  This 
uantity  will  be  considered  more  fully  later  on  (p.  756). 

If  the  specific  heats  of  the  substance  be  known  in  both  states,  then 
^nation  (4)  furnishes  us  with  a  knowledge  of  the  variations  of  the 
itent  heat  with  temperature,  or  if  the  specific  heat  in  one  state  be 
nown,  and  if  the  latent  heat  be  known  as  a  function  of  the  tempera- 
ire,  the  equation  may  be  employed  to  determine  the  specific  heat  of 
le  substance  in  the  other  state. 

On  the  other  hand,  if  the  pressure  of  the  saturated  vapour  be  known 
I  terms  of  the  temperature,  equation  (5)  yields  the  specific  volume  (or 
ensity)  of  the  saturated  vapour  at  all  temperatures  when  the  density 
f  the  liquid  and  the  latent  heat  are  known. ^  So  also,  since  L  and  t 
re  both  positive,  it  follows  that  if  r.,  is  greater  than  r^,  then  dp  and  dr 
lUst  have  the  same  sign,  but  if  c  be  less  than  r,,  then  dp  and  dr  must 
ave  opposite  signs.  In  other  words,  if  a  substance  passes  from  one 
ate  to  another  in  which  the  specific  volume  is  greater,  then  an  in- 
*ease  of  pressure  raises  the  temperature  at  which  this  transformation 
ill  take  place.  This  happens  in  the  case  of  liquids  passing  into 
Eipour,  or  in  the  case  of  solids,  which  expand  in  melting,  and  is 
icpressed  by  saying  that  increase  of  pressure  raises  the  boiling  point 
r  melting  point.  If,  however,  the  substance  contracts  in  passing  from 
le  first  state  to  the  second,  then  if  dp  be  positive  dr  will  be  negative, 
id  an  increase  of  pressure  will  lower  the  temperature  at  which  the 
•ansformation  can  occur.  A  notable  example  of  this  occurs  in  the 
ise  of  ice  (Art  180),  which  we  have  seen  contracts  in  melting,  and 
msequently  has  its  melting  point  lowered  by  increase  of  pressure. 
he  dynamical  theory  thus  leads  us  to  anticipate  all  the  phenomena 
'eated  of  in  Art.  181. 

*  ClauMius  has  deduced  the  values  of  the  specific  volume  (or  density)  of  saturated 
eaiu  at  various  temperatures  by  this  method,  and  has  sliown  that  grave  errors  are 
troduced  when  the  density  of  a  saturated  vapour  is  deduced  from  that  of  the  super- 
fated  vapour,  under  the  supi>ositioM  that  it  obeys  the  laws  of  a  perfect  gas 
(echanical  Theory  of  Heat,  p.  143).     In  this  formula  L  is  measured  in  work  units, 

that  if  all  the  quantities  involved  have  been  determined  exi>erimentally.  the 
rmula  yields  the  value  of  the  dynamical  e<iuivalent,  L  being  known  in  thermal 
lits.  In  this  manner  M.  V t rot  { J nii.de  Chimie,  6^  torn.  xiii.  p.  145,  1S88),  having 
termined  the  densities  of  saturated  water  vapour  and  ether  va|)our,  deduce<l  the 
lue  424  for  J,  thus  verifying  the  formula.     In  a  similar  manner  it  has  been  verified 

M.  yiAthiAS  {Ann.  de  Chimie.  6%  tom.  xxi.  ]).  69,  1890).  For  another  mode  of 
rification,  see  Bertnmd's  ThenniHiffnaviirs,  p.  155. 

3C 
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When  r.,  =  /^  the  equation  shows  that  either  L  =  0  or  else  dpjdT is 
infinite.  The  former  condition  is  approached  in  the  case  of  a  liquid 
passing  into  vapour  when  the  temperature  approaches  that  of  the 
critical  point ;  and  in  the  case  of  fusion,  where  r^  -  v^  is  small,  the 
coefficient  of  increase  of  pressure  with  temperature  is  large,  and 
the  latter  condition  is  approached. 

Examples 

1.  Find  the  lowering  of  the  freezing  point  of  water  per  atmosphere  increase  of 
pressure,  taking  the  latent  heat  of  ice  to  be  80,  the  specific  volume  of  ice  being 
1  '087,  and  that  of  water  at  0^  C.  being  unity. 

{Here  wo  have  1*2- r,  =  0 '087,  r  =  273,  (//>  =  1033  grammes,  while  L  expressed  in 
dynamical  units  is  80  x  42700,  hence 

80  X  42700     .  ^o-l(>*^3 
-273— =  ^'''^'   rfr  ' 


i)r 

^       1033x273x0  087     ^  ^^.,,  , 

dT= »  =0'0072.^ 

80x42700  """'-r 

2.  Ill  the  ease  of  paraffin  the  latent  heat  in  thermal  units  is  35*35,  r.^  -  r^  =0*125, 
T  =  32.'>*7,  find  the  change  of  temjH?rature  jier  atmosphere  in  the  melting  iK>int. 

[Jl7is.  rfr=0  028. 
Ex[)eriments  on  this  substance  gave  M.  Hattelli^  a  mean  change  of  C'OS  C.  per 
atmosphere. 

3.  In   the  case  of  naphthalene,   if  the  latent  heat  in  thermal  units  =  35  46, 
'•o  -  '•,  =0*146,  r  -3r»2*2,  find  the  ehan^'e  in  the  melting  point  |>er  atmosphere. 

[Affs.  //r  =  00:J5. 

As  the  e.jiiation.s  (4)  and  (5)  are  of  fundamental  importance,  the 
following  instructive  method  of  deducing  them  is  added. 


0 


i' 


Kii:.  ■_'•_'). 


Let   AD    and    UC    (Fig.  2i?l)   represent   tlie   isothermal    lines    corre- 

'   A.  Ballelli,  Journal  de  rinja.,  toni.  vi.  p.  90,  1887. 
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sponding  to  two  infinitely  close  temperatures  t  and  t  -  'h.  Along  the 
line  AB  the  substance  is  all  in  the  liquid  state,  and  along  the  line  CD 
it  is  all  in  the  condition  of  satumted  vapour.  Now  if  a  unit  mass  of 
the  substance  be  supposed  to  describe  the  cycle  A  BCD,  the  quantity 
of  heat  absorbed  in  passing  from  A  to  B  will  be  s^dr,  and  the  quantity 
given  out  in  passing  from  C  to  D  will  be  5.,<^t,  so  that  if  L  be  the  latent 
heat  at  the  temperature  t,  that  at  the  temperature  r  +  dr  will  ])e 

L+   -.-  r/r, 
ar 

and  the  total  quantity  of  heat  absorbed  during  the  cycle  will  be 

tifg  =  5irfr-f  L-h'-y-f/r  -  8./iT  -  L=  (  «i  -  So  +    r  jdr. 

But  JQ  is  the  equivalent  of  the  external  work  done — that  is, 
of   the    area   of    the  cycle,  the   length   of   which   is  r._,  -  r,,  and   the 

breadth  ( 'J-  j  dr. 

Hence 


C*onsequently  we  have 


-*.-'it=('-^-'v(^')^      •      ■      •      •      (6) 

Further,  the  change  of  entropy  must  be  zero,  since  the  substance  has 
returnee!  to  its  initial  condition,  therefore 

L  +  -,  (It 


^  r/Q     Sidr  dr  n.//t     L  _ 

r         T  r-frtr  t        t 


or 

(^L    L         d  /L \ 

■'''-'''-' dr-T  =  'dr[rh 

M'hich  is  the  Siime  as  equatic^i  (4).     Combining  this  with  (6)  we  obtain 
(5),  or 


L  _  tip  dJj 

~  —  I,  t'o  —  Vt  j   y  '-^  Hi  ~  A)  T  " ,—  , 
T  '  flT  flT 


which  express  the  two  fundamenUil  equations. 

351.  Internal  and  External  Latent  Heats. — When  change  of 
state  occurs  with  change  of  volume  the  heat  necessiiry  to  the  trans- 
formation is  the  sum  of  two  pirts :  one  the  equivalent  of  the  external 
work  done  while  the  volume  changes  ;  and  the  other,  which  is  some- 
times called  the  "true  latent  heat,"  is  spent  in  altering  the  internal 
energy  of  the  substance.  If  the  transformation  t^ikes  place  under 
a  uniform  pressure  p,  the  heat  spent  in  external  work,  or  the  exteninl 
latent  heat,  is 
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and  consequently  the  heat  spent  in  doing  internal  work,  or  the  intenal 
latent  heat,  is 

Li  =  L-p{v.,-  q I  =  r(t»2  -  I'l^f  ^^ -^\ 

or 

Thus  for  water  at  100"  C,  ^=4021,  and  Lt  =  496*29. 

852.  Specific  Heat  of  Saturated  Vapour. — We  now  return  tx)  the 
consideration  of  the  fundamental  equation  (4),  which  connects  the 
difference  of  the  specific  heats  with  the  temperature  and  the  latent 
heat  of  change  of  state.  In  the  case  of  the  liquid  and  solid  states  the 
specific  heats  commonly  considered  are  positive  quantities,  and  the 
ordinary  specific  heat  under  constant  pressure  of  the  solid  or  Uquid 
at  the  temperature  in  question  may  be  used  without  apprecicible  error 
in  dealing  with  this  equation.  In  the  case  of  the  saturated  vapour, 
however,  the  specific  heat  involved  is  neither  that  at  constant  pressure 
nor  yet  that  at  constant  volume,  but  is  the  quantity  of  heat  supplied 
to  a  unit  mass  of  the  saturated  vapour  when  its  temperature  is  raised 
1°  C,  while  at  the  same  time  the  pressure  and  volume  are  varied  in 
such  a  manner  that  the  whole  mass  remains  saturated. 

vUnder  such  conditions  the  quantity  of  heiit  supplied  will  depend 
U])on  the  amount  of  work  done  ou  or  l>y  the  substance,  while  its 
vohmie  is  varied  under  piessuro,  so  us  to  keep  it  saturated,  and,  as 
already  ]^ointed  out  (Art.  l.'^T)),  the  specific  heat  under  such  circum- 
stances may  have  any  value,  positive  or  negative,  depending  on  the 
nature  of  the  substance  and  the  temperature  in  question.  We  must 
not  be  surprised,  tberefore,  if  we  find  that  the  specific  heats  of  some 
saturated  vapours  arc  positive  while  others  are  negative,  or  that 
the  specific  heat  of  the  same  saturated  vapour  is  positive  at  some 
temperatures  and  negative  at  others. 

The  meaning  of  the  specific  heat  of  a  substance  under  certain 
conditions  being  positive  is  that,  in  order  to  change  the  temperature 
of  unit  mass  of  the  substance  1  C.  luider  the  given  conditions,  a 
certain  quantity  of  heat  must  be  communicated  to  it  while  external 
work  is  done  on  or  by  the  substance  according  to  the  nature  of  the 
given  conditions,  while  if  the  specific  heat  is  negative  the  external 
work,  which  nuist  be  done  on  the  substance  in  consequence  of  the 
given  conditions,  is  more  than  sufiicient  to  raise  the  temperature  of 
the  mass  1  C,  and  therefoie  heat  must  be  taken  from  the  substance 
in  order  that  the  temperature  may  not  rise  above  the  required  |X>int. 
Consequently,  when  it  is  said  that  the  specific  heat  of  a  saturated 
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pour  of  some  given  substance  is  negative,  it  is  to  be  inferred  that 
3  work  spent  in  compressing  any  mass  of  the  satiu^ted  vapour  to  the 
lume  which  the  same  mass  would  occupy  when  existing  as  saturated 
pour  at  a  temperature  1  higlier,  would  if  converted  into  heat  be 
>re  than  sufficient  to  raise  the  temperature  of  the  mass  l""  C.  In 
aer  words,  the  internal  energy  of  a  unit  mass  of  the  vapour  at  6 
ceeds  the  internal  energy  of  a  unit  mass  at  a  temperature  1"  lower 

a  quantity  which  is  less  than  the  work  required  to  compress  the 
iss  at  the  lower  temperature  into  the  volume  occupied  at  the  higher. 

Our  fundamental  equation 


.   .<2  =  .?j4- 


rfLL 

tlr      T 


0W8  US  that  .%  may  he  either  positive  or  negative  according  to  the 
ignitudes  of  the  quantities  involved  in  the  right-hand  member,  and 
we  use  the  equation  of  Ex.  20,  p.  749, 

5  are  led  to  the  same  conclusion,  for  in  the  case  of  a  saturated  vapour 
Is  a  function  of  t  alone,  and  consequently  we  may  write 

that  we  have  for  the  specific  heat 

quantity  which  may  be  either  positive  or  negative. 

As  an  example  we  shall  consider  the  important  and  interesting 
3e  of  water  vajx)ur.  For  this  substiince  Kegnault  found,  as  explained 
Art.  200,  for  the  total  heat  Q  at  any  temperature  6 

Q  =  L+  /.sf/^  =  606 •.')-!  O-m'i^        ....         (1) 

lere  s  is  the  mean  specific  heat  of  water  between  0  and  6  .  Hence 
d  for  water 

s=  1  4-0-00004^-f  0-0000009^% 

erefore  ^ 

L  =  606-5  -  0-6ft.''>d  -  0-00002^-  -  0*0000003^. 


'  Clausius  uses  the  shorter  expression 

L  =  607-0-70?^, 
]  hence 

AOA'     607-0-708^ 
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But  by  (1),  if  dr  be  tiiken  equal  to  fW  in  accordance  with  the  equation 
T  =  273  +  (9  (p.  717),  we  have 

dL 


dr 


+  5  =  0-305, 


and  hence  by  su))8titution  in  the  fundamental  formula  we  find  for  the 
saturated  vapour 


.v.,=o-:}05  - 


606-5-0-69r>tf  -  0  00002^-  -  0-0000003^ 


which  is  obviously  negative  for  any  moderate  value  of  0. 

The  following  table  contains  the  specific  heats  of  the  under- 
mentioned saturated  vapours,  as  deduced  by  Clausius  from  the  results 
of  Regnault's  experiments,  using  the  fundamental  formula  (4) : — 


TeiniH'rature. 


O'C. 


50'. 


100'. 


'    \xr 


Water  vapour  . 


Ether 


1-916        -l-4t)r» 


1  133 


150". 


-0*676 


01057      +0122-2        +0-1309  ,    +0-1844  '' 


I 


Bisulphide  of  carbon  . 


Chloroform 


-0  1837  .  -0-1600 


0-1406       -0-1325 


-0-1079  '  -0  0r)41»         -0-0153       +0-01.V> 


Bichlorich'  of  Carbon 


-00442      -0-0219 


0-0066       -0-001.'. 


Aceton 


-0-1482 


0 -0^8.32 


0-051;-. 


-0-0-223 


The  foregoing  table  shows  that  the  specific  heat  of  saturated  water 
vapour  is  negative  '  at  all  moderate  temperatures,  and  that  within  the 
Siirae  range  the  specific  heat  of  ether  vapour  is  positive. 


or 


.So--=  1-013 


800-3 
273  -H' 


which  <]^ves  values  agreeing  closely  with  those  deduoed  from  the  longer  expression. 
'  The  fact  tliat  the  specific  heat  of  saturated  water  vajKmr  i.s  a  negative  quantity 
was  discovered  simultaneously  by  Rankine  and  Clausius  in  18r>0.  Previously  the 
subject  had  been  treated  from  the  point  of  view  of  the  caloric  theory,  acconling  t'> 
which  the  so-called  total  heat  (that  is,  the  quantity  of  heat  taken  in  by  a  body  in 
passing  from  a  given  initial  to  a  given  final  condition)  depends  only  on  the  initial 
and  final  states,  and  may  therefore  be  expressed  completely  as  a  function  of  the 
variables  which  define  the  condition  of  the  body,  depending  in  no  way  U|»on  the 
manner  in  which  the  substance  jiasses  from  the  initial  to  the  final  state.     This  is 
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The  numbers  further  show  that  the  vahie  of  this  quantity 
pproaches  zero  in  the  case  of  water  vapour  as  the  temperature  rises, 
nd  in  the  case  of  ether  as  the  temperature  falls.  We  are  thus  led  to 
ispect  that  for  each  of  these  substances  there  is  a  temperature  at 
hich  the  specific  heat  of  the  saturated  vapour  vanishes,  and  that 
robably  beyond  this  temperature  an  inversion  occurs,  and  the  specific  Inversion, 
eat  changes  sign,  becoming  positive  in  the  case  of  water  vapour  and 
egative  in  the  case  of  ether.  This  inversion  is  shown  to  occur 
ctually  in  the  case  of  chloroform,  the  specific  heat  of  the  vapour  being 
ositive  above,  and  negative  below,  the  temperature  1 23*^  C.  We  may 
lerefore  conclude  that  the  specific  heat  of  the  saturated  vapour  of 
ny  substance  may  be  either  positive  or  negative  according  to  the 
^mperature.  When  the  specific  heat  of  a  saturated  vapour  is  negative 
diabatic  expansion  will  be  accompanied  by  partial  condensation,  for  Effect  of 
we  suppose  the  mass  to  expand  until  its  temperature  falls  by  any  »*^»*^V^ 

^'^  '^  ^  ^        ^  expansion. 

iven  amount,  a  quantity  of  heat  must  be  added  to  it,  in  order  that 
',  may  remain  just  saturated  at  the  lower  temperature,  and  if  this 
uantity  be  not  supplied  condensation  must  take  place.  In  the  same 
lanner  it  follows  that  when  the  specific  heat  of  a  saturated  vapour  is 
ositive,   heat  must  be  taken  away   from   it,  in  order  that  it  may 


cpressed  by  sayiug  that  tfQ  is  a  |)erfect  differential,  ami  hence,  from  equation  (1), 
rt.  350,  we  have 

hich  gives 

—        ^^^  /t\ 

.S2  — ^1  -f-  ,      .         .         .         .         .         .         (1) 

ow  Watt, 'who  was  the  first  to  publish  any  distinct  views  on  this  subject,  was  led 
y  his  experiments  to  the  conclusion  that  the  sum  of  the  free  and  latent  heats  is 
mstant  (Watt's  Law,  p.  380),  and  this  is  exi)ressed  by  the  equation 

L-l-  /.v^T  =  const.,  or   ^-  I  5i  -0      .         .         .  (2) 

bis  combined  with  (1)  leads  to  the  conclusion  that  a^  is  zero,  a  result  which  was 
ng  believed  to  be  true,  and  was  expressed  by  saying  that  if  a  saturated  vapour 
langes  its  volume  in  a  vessel  impermeable  to  heat  it  always  remains  saturated, 
egnault's  experiments  (Art.  200),  however,  prove*!  that  Watt's  law  was  false,  and 
lat 

(IT 

bich,  combined  with  (1),  led  to  the  conclusion  that  for  water  vapour  »,,  =  0*805,  a 
>8itive  quantity.  Hence  the  idea  arose  that  if  saturated  steam  is  compressed,  heat 
ust  be  supplied  to  it  in  addition  to  that  generated  by  the  compression,  in  order 
lat  it  may  remain  throughout  at  the  saturation  |>oint,  and  convei-sely,  if  saturated 
earn  be  allowed  to  ex|)and  in  order  to  cool  it,  so  that  it  may  remain  saturated 
iring  the  expansion,  a  positive  quantity  of  heat  must  be  abstracted  from  it. 
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remain  saturated  as  it  cools,  consequently  during  adiabatic  expansion 
the  vapour  must  become  superheated. 
:peri-  The  fact  that  the  specific  heat  of  water  vapour  is  negative  is  of 

M**Hirn  P^^^icular  interest  on  account  of  its  importance  in  the  theory  of  the 
d  Cazin.  steam-engine,  and  in  1862  Hirn  verified  experimentally  that  the 
sudden  adfabatic  expansion  of  dry  saturated  steam  is  accompanied  by 
condensation.  He  allowed  steam  to  pass  gently  from  a  boiler,  in 
which  it  was  generated  under  a  pressure  of  5  atmos.,  into  a  long 
copper  cylinder,  the  ends  of  which  were  closed  with  parallel  plates  of 
glass.  The  steam  was  allowed  to  enter  this  cylinder  until  all  the  air 
and  condensed  water  were  driven  out  and  the  walls  had  attained  the 
temperature  of  the  steam.  The  exit  tap  of.  the  cylinder  was  then  shut 
and  connection  with  the  boiler  was  cut  off.  The  cylinder  was  thus 
filled  with  dry  saturated  vajK)ur  at  a  pressure  of  5  atmos.,  and  when 
looked  through  from  end  to  end  appeared  quite  clear.  The  exit  tap 
being  suddenly  opened,  the  pressure  at  once  fell,  and  a  dense  cloud 
formed  within  the  cylinder,  which  rendered  it  opaque  to  an  observer 
looking  through  from  end  to  end.  This  cloud,  however,  soon  dis- 
appeared as  the  vapour,  now  at  100"  C,  rapidly  absorbed  heat  from 
the  walls  of  the  cylinder  (previously  at  152^  C).  No  such  condensa- 
tion could  be  obtained  when  ether  vapour  w«as  treated  in  the  same 
way  ;  but,  on  the  other  hand,  this  substance  exhibited  condensation 
when  siuld(Mily  compressed. 

These  experiments  were  subseciuently  repeated  with  an  improved 
form  of  apparatus  In'  M.  Cazin.  ^  The  cylinder  was  connected  with 
another  in  which  a  piston  worked,  ilnd  the  whole  was  placed  in  an  oil- 
bath,  the  temperature  of  which  could  be  varied  at  pleasure.  By  this 
arrangement  saturated  vapour  in  one  cylinder  could  be  allowed  to 
expand  suddenly  into  the  other,  or,  when  occupying  both,  could  be 
suddenly  compressed  by  moving  the  piston.  A  cloud  was  always 
formed  by  expansion  in  the  case  of  steam  but  never  by  compression, 
and  the  same  result  was  obtained  with  bisulphide  of  carbon.  On  the 
other  hand,  ether  vapour  always  condensed  during  compression  but 
nevei'  during  expansion,  showing  that  its  temperature  of  inversion,  as 
in  the  case  of  steam,  was  not  within  the  limits  of  the  experiments. 
In  tilt;  case  of  chloroform  the  temperature  of  inversion  appeared  to  be 
between  l.SO  and  136  C,  and  in  the  case  of  benzene  between  llf) 
and  1.30    C. 

From  some  recent  experiments  on  the  latent  heats  of  the  liquefiable 
gases — carbon  dioxide,  sulphiu'ous  acid,  and  protoxide  of  nitrogen— 

^  <  azin,  A/tn.  dr  Chimie  et  <h  Phys..  4^,  toin.  \\k.  ;  CornpUs  JirTuhis,  torn.  Ixii. 
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[.  Mathias  ^  concludes  that,  as  the  temperature  approaches  that  of  the 
'itical  point,  the  specific  heat  of  every  saturated  vapour  becomes 
egative,  and  increases  indefinitely  in  absohite  value.  For  the  sub- 
iances  examined  it  appeared  that  the  latent  heat  of  vaporisation 
ecreases  as  the  temperature  rises,  and  ultimately  vanishes,  as  would 
B  expected,  at  the  critical  point,  so  that  if  a  curve  be  constructed, 
aving  latent  heats  for  ordinates  and  temperatures  for  abscissae,  this 
irve  will  cut  the  axis  of  abscissae  at  a  point  corresponding  to  the 
ritical  temperature.  It  was  further  found  that  this  curve  intersects 
16  axis  at  right  angles  in  all  the  cases  examined,  and  consequently  at 
le  critical  point  we  have 

L  =  0,     and    .    =  -  X. 

[ence  it  follows  from  the  ecj  nation 

dL    L 

.t2  =  .v, -r-       - 
*       '      ttr      T 

hat^  at  the  critical  tempeniture,  we  have  .^o  =  -  x  . 

If  all  substances  behave  in  this  way,  then,  in  the  neighbourhood  of 
he  critical  point,  the  specific  heat  is  negative  for  all  saturated  vapours. 
^ow  in  all  known  cases  s^  increases  with  rise  of  temperature,  and  by 
he  foregoing  it  decreases  to  -  oo  at  the  critical  point,  and  must  there- 
ore  pass  through  a  maximum  value  at  some  temperature  below  the 
ritical  point.  Consequently,  if  there  be  a  point  of  inversion  at  ordi-  Two  inver- 
lary  temperatures  at  which  ,<.,  passes  from  negative  to  positive  values, 
here  must  also  be  a  second  point  of  inversion  below  the  critical  tem- 
lerature  at  which  it  changes  from  positive  to  negative.  There  may 
hen  be  two  points  of  inversion,  Imt  if  only  one  point  of  inversion 
xists  it  must  be  the  latter. 

The  negative  value  of  the  specific  lieat  of  steam,  and  the  consequent 
ondensation  of  this  vapour  when  allowed  to  expand,  appeared  at  first 
ight  inconsistent  with  the  long-known  paradox  that  high -pressure 
team  escaping  from  a  small  orifice  into  the  air  will  not  burn  the  hand, 
T  even  the  face ;  wliile,  on  the  contrary,  low-pressure  steam  (which  is 
onsequently  at  a  lower  temperature)  inflicts  hoirible  bums.  This 
lifficulty  was  explained  by  Lord  Kelvin  thus :  -  "  The  steam,  in  rush- 
ng  through  the  orifice,  produces  mechanical  effect  which  is  immediately 
irasted  in  fluid  friction,  and  consequently  reconverted  into  heat,  so 
hat  the  issuing  steam  at  the  atmospheric  pressiu-e  would  have  to  |)art 
rith  as  much  heat  to  convert  it  into  water  at  the  temperature  of  100', 

'  Mathias,  Ann.  df  Chimir  ci  de  Fhys.,  6',  torn.  xxi.  p.  69,  1890. 

*  Dynamical  Theory  of  H^ai. 
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as  it  would  have  had  to  part  with  to  have  been  condensed  at  the  high 
pressure,  and  then  cooled  down  to  100\  which,  for  a  pound  of  steam 
initially  saturated  at  the  temperature  t,  is  by  Regnault's  modification  of 
Watt's  law  -305  (/  -  100)  more  heat  than  a  pound  of  saturated  steam 
at  100'  would  have  to  part  with  to  be  reduced  to  the  same 'state ;  and 
the  issuing  steam  must,  therefore,  be  above  lOO''  in  temperature,  and 
dry."  The  thermal  effect  of  fluid  friction  alluded  to  in  this  statement 
is  considered  in  Art.  368. 

353.  The  Triple  Point. — When  an  enclosure  is  filled  by  a  sub^ 
stance  which  is  partly  liquid,  and  partly  in  the  state  of  saturated 
vapour,  the  pressure  is  a  function  of  the  temperature  alone,  and  when 
the  equation  connecting  them  is  known  in  some  form,  such  as 

the  relation  between  pressure  and  temperature  may  be  represented 
graphically  by  a  curve,  such  as  that  shown  in  Fig.  142.  This  curve 
gives  the  pressure  corresponding  to  any  temperature  when  the  liquid 
and  vapour  are  in  contact,  and  in  stable  equilibrium  together.  It  is 
the  curve  of  maximum  vapour  pressure,  and  is  termed  the  steam  Um} 

In  the  same  manner,  if  an  enclosure  be  filled  by  a  substance  partly 
liquid  and  partly  solid,  and  if  the  two  states  are  in  stable  equilibrium 
together,  the  temperature  of  the  mixture  is  that  at  which  the  solid 
melts  under  the  pressure  within  the  enclosure.  This  pressure  is  also 
completely  determined  by  the  temperature,  and  the  relation  connecting 
them  may  be  represented  graphically  by  a  curve.  This  curve  is  the 
line  of  fusion  and  is  called  the  ice  line. 

So  also  a  solid  may  exist  in  stable  eiiuilibrium  with  its  vapour, 
and  we  have  thus  a  third  curve  which  connects  the  temperature  and 
pressure  of  a  substance  when  existing  partly  in  the  solid  state,  and 
pirtly  in  the  condition  of  vapour.  This  curve  is  called  the  hoar-Jmi 
line  (Fig.  222). 

From  his  experiments  on  the  pressures  of  the  satuitited  vapours  of 
water  substance  above  and  below  0  C,  Kegnault  -  concluded  that  in 
passing  from  the  vapour  of  the  liquid  to  that  of  the  solid  there  is  no 
appreciable  change  in  the  vapour-pressure  curve,  and  that  conse<juently 
the  hoar-frost  line  is  simply  a  continuation  of  the  st^am   line.     The 

'  The  term  steam  line  has  also  been  ap|ilied  to  tlie  curve  (Fig.  14»i.  curve  Ci 
which  represents  tlu-  relation  l»et\veen  tlie  pressure  and  specific  volume  of  the  satu 
rated  vapour.  This  need  not  lead  to  any  confusion,  as  one  connects  pressure  and 
v(^lum^'.  while  the  other  connects  pressure  and  tenii)erature.  The  former  is  tb*- 
projection  on  the  plane  p,  v,  and  the  latter  the  projection  on  the  plane  p,  S,  of  the 
real  steam  line  on  the  characteristic  surface. 

-  Kegnault,  Man.  tl>  rjcmi..  tom.  xxvi.  p.  751. 
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difference  between  the  vapour  pressures  of  water  and  ice  at  0  C.  is, 
however,  much  too  small  to  be  placed  in  evidence  by  these  experi- 
ments, and  it  was  subsequently  shown  by  Kirchhoff  *  that  the  steam  line 
and  the  hoar-frost  line  are  not  continuous,  but  are  distinct  curves,  and 
intersect  each  other  at  an  angle.  Professor  James  Thomson  ^  then 
announced  the  theorem  that  the  point  of  intersection  of  these  curves 
is  situated  on  the  ice  line  ;  or,  in  other  words,  that  the  three  curves 
intersect  in  a  common  point,  and  this  was  afterwards  proved  by  M. 
Moutier  to  follow  as  a  consequence  of  the  principles  of  thermodynamics 
(Art  359). 

This  theorem  is  merely  the  statement  of  the  fact  that  there  is  a 
temperature  and  pressure  for  which  the  three  states — solid,  liquid,  and 


Fiii.  22-J. 

vapour — can  exist  simultaneously  together  in  equilibriiun.  For  example, 
there  is  a  certain  temperature  and  pressure  at  which  water  substance 
may  exist  partly  as  ice,  partly  as  water,  and  partly  as  vapour,  so  that 
the  lower  part  of  a  closed  vessel  containing  the  mixture  will  be  filled 
with  water  in  which  ice  floats,  while  the  upper  part  is  filled  with 
saturated  vapour,  the  pressiu-e  within  the  vessel  being  that  of  water 
vapour  at  the  temperature  of  the  mixture — a  temperature  which  ex- 
ceeds 0°  C.  by  a  small  fraction  of  a  degree.  This  temperature  and 
pressure  are  those  which  determine  the  triple  point,  and  at  this 
temperature  the  pressure  of  the  saturated  vapour  of  the  liquid  is  the 
same  as  that  of  the  solid,  but  at  no  other. 

The  three  curves  shown  in  Fig.  222  roughly  represent  the  two 
vapour-pressure  lines  intersecting  at  a  point  P  on  the  line  of  fusion. 
This  point  is  the  triple  point  for  the  substance  to  which  the  curves 

*  Kirclilioff,  Pogg,  Ann.,  torn,  ciii.,  1858. 

'  J.  Thomson,  Phil.  Mag.  (5),  vol.  xlvii.  p.  447. 


764  THEORY  OF  HEAT  chap.  Tin 

belong,  and  its  co-ordinates  are  the  temperature  and  pressure  of  the 
triple  point.  In  order  to  prove  that  these  curves  are  distinct,  it  is 
only  necessiiry  to  show  that  the  tangents  to  them  at  P  are  inclined  at 
different  angles  to  the  axis  0^,  thus  denoting  the  three  states — solid, 
liquid,  and  vapour — by  the  suffixes  1,  2,  3  respectively,  and  denoting 
the  difference  of  the  specific  volumes  by  %  so  that  u^  =  (v^  -  r^),  we 
have  by  formula  (5),  Art.  350,  if  t  be  the  absolute  temperature  of  the 
triple  point 

Vdp\    ^Lja       /dp\    ^I^      /dp\    ^L^, 
\rfr/i2     rw,2*      KdrJ^     rit^      Vdr )  ^     -ni^' 

But  dpjdr  is  the  trigonometrical  tangent  of  the  angle  which  the  tangent 
to  the  curve  makes  with  the  axis  O^,  and  as  the  latent  heats  and 
differences  of  specific  volume  are  in  general  different  for  the  three 
changes  of  state,  it  follows  that  the  three  curves  are  inclined  to  each 
other  at  definite  angles  at  P.  Thus  the  difference  of  the  trigono- 
metrical tangents  of  the  inclinations  of  the  hoar-frost  line  and  the 
steam  line  at  P  to  the  axis  O^  is 

\rfry,3     Vrfr/gs     rV«i3      M.23/ 

Now  at  the  triple  point,  and  nowhere  else  (see  p.  778), 

while  Wj.j  =  Uj.>  +  w.,3,  but  since  Mj.>  is  small  compared  with  »/j^  and  ?/^v, 
we  may  write  Wjy  =  J/.,3,  Jviid  we  ol)tain 


dr  j ,.,      \(lTj.y.     rn.,.. 


E.rercises 

1.  Determine  the  entropy  <p  and  internal  ener^'y  U  of  a  mixture  of  \u[\m\  aud 
saturated  vapour. 

{Let  there  he  unit  mass  ])artly  litjuid  and  partly  saturated  vapour,  and  let  0,-.  i>e 
the  entropy  of  tlie  nniss  when  it  is  all  liquid  at  the  ]»oint  A  Fig.  223.  At  any  point 
M  let  the  mass  uf  vapour  he  //?,  wliile  that  of  licjuid  is  1  -  ?>?,  then  the  change  of 
entropy  in  juissing  from  A  to  M  (considering  tlie  path  A  MM)  is  obviously  ^ 


.       .         ,  dQ         s^dT  .  L,ii 


;1 


T., 


'  Tiiis  equation  may  also  be  deduced  directly  from  the  equation  of  Art.  350.     For 

we  have 

d(hm\, 

,/n  _.  nisjh  -f  (1  -  ,n)^^dr  --  Ldni  =.<f,(/r  I  t-,-(    -^    jdr 
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wliert?  5]  is  the  specific  beat  of 
the  liquid  state  aloug  AB  and  r 
tlie  temjierature  of  the  isothei-mal 
BMC.  If  0  be  8Up{K>sed  constant 
the  iH>int  M  will  trace  out  un 
adiabatic  Hue,  and  the  differeutial 
e<|uatiou  of  these  lines  will  be 

The  change  of  entropy  of  the  mass 
in  passing  from  the  condition  M 
to  any  othf  r  condition  M'  will  con- 
sequently l>e 


o 


Kf«.  2'2'X 


I     r  r  r 


(3) 


and  if  M  and  M'  lie  on  the  aame  adiabatic,  the  right-hand  member  of  this  equation 
iti  equal  to  zero. 

To  determine  the  internal  energ}-  we  have,  for  the  quantity  of  heat  absorbed  in 
passing  from  A  to  M  along  the  path  ABM. 


=  Ml 


dr  +  hm 


(*i 


while  the  external  work  done  during  this  transformation  is 


Ti) 


+/Kt-'-c,) 


('•) 


where  I'l  is  the  8{>ecitic  volume  of  the  liquid  and  r  the  whole  volume  of  the  mixture 
at  M,  T  the  tem{»eratnre  at  M,  and  Tq  the  temperature  at  A,  the  integral  being  taken 
along  the  line  AB. 
Hence 


To  -TO 

dc 
But  since  r,  is  practically  independent  of  the  pressure  we  may  write  <iri  =  j-^i/T,  and 

since  i;=(l  -  w)ri  +  /itc'.^,  we  have 

r  -  »*!  =  iiii  r.,  -  r, )  =  mL/r  '  , 


by  the  fundamental  equation 


Hence 


s.t  ■-  .«i  —  r 


rf_/L 
dr 


Q- 


T       rfT\  r   / 
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consequently  (6)  becomes 


TO 


('} 


which  is  Clausius's  expression. 

If,  however,  we  integrate  byJMii'ts,  (5)  becomes 


F 


To 


where  Pq,  r(,  refer  to  the  |>oint  A,  and  ;>,  v  to  the  {)oifit  M.     Hence,  for  the  change  of 
internal  energy,  we  have 

V  -\Jo  =  Q-^y  =  Lm-{pv-poVo)+  I  (  «,  +  »i^  ]dT  .         .        (9) 


ji'^-'^'^fr} 


TO 

and  the  change  of  the  internal  energy  in  passing  from  M  to  any  other  condition 
M'is 

U'  -  U  =  L'y/i'  -  L/n  -  ip'v'  -jyv)  H    M  «i  +  ^^)<'^- 

If  M  and  M'  lie  on  the  same  adiabatic  Q  =  0,  and  the  right-hand  member  of  this 
equation  represents  the  external  work  done.} 

2.  Prove  that  an  adiabatic  increase  of  tempemture  will  diminish  or  increase  the 
quantity  of  va}K)ur  in  a  mixture  of  liquid  and  vapour  ;  or,  in  other  words,  cause  con- 
densation or  vaporisation,  according  as  the  quantity 

.Vj(l  -  7/1    -S.J 

is  positive  or  ne«;ativ<'.  m  being  the  mass  of  vapour  per  unit  mass  of  the  mixture. 

{Takiii«(  tin*  mass  of  tlie  mixture  to  be  unity,  we  have  for  any  small  transforma- 
tion 

(fi^=  1(1  -  in)si  -r  ?ns.,]<lT-r  !>//«, 

and  since  the  transformation  in  (piestion  is  adiabatic  we  have  tH)  =  0.  and  con- 
sequently 

Hence,  if  the  quantity  within  the  bracket  is  positive  <lin  and  ilr  have  oppo>ite  si^^ns, 
but  if  this  quantity  is  negative  d/ti  and  //r  liave  the  same  sign.  That  is,  in  inci'eaif> 
with  r  when  1  )u  Vj  +  ms.,  is  negative  and  decreases  as  r  increases  if  this  quantity 
is  positive.', 

'■'>.  A  mixture  of  li()uid  and  vapour  expands  adiabatically,  determine  the  change 
in  the  relative  proj)ortions  of  the  li«jiii»l  and  vapour. 

ISince  the  entropy  is  constant  etpiation  '\  of  Ex.  1  gives,  since  5,  is  practically 
constant, 

ml/     L//<  ,       r' 

-  --    .S\   l(Wr  ...  .  .  1 

T  T  ^      "  r 

Now  if  '"  be  the  volume  of  tiie  mixture  at  r  we  have 

I"-    1  -  in  ,r.~  ,nv.,—  r,  T  ni  <■.,  -  r,)  =  ri -r /?i  -  /  -,  , 
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so  that 

-.     =(v-ruc:.  ,         .  .         .         (2 

T  (IT 

aiul  equation  ;  1 )  becoiiies 

l^'-fi''(^)'  =  ^«'-  '•i/^-^ilog^         ...         (3) 

when  p  and  r,  are  known  as  functions  of  r,  this  equation  gives  the  new  temi)erature 
r'  in  terms  of  the  new  volume  r',  the  original  volume  f,  and  the  original  temper- 
ature  r. 

If  the  latent  heat  at  t  he  given,  the  first  tenii  of  the  right-hand  member  of  (3) 
may  be  used  in  its  original  form  «tL/r.} 

4.  A  unit  mass  of  saturated  steam  is  allowed  to  exjmnd  adiabAticallj,  determine 
when  the  maximum  condensation  has  taken  place. 

I  By  Ex.  2  condensation  will  cease  when  the  mass  m  of  vapour  remaining  satisfies 

the  equation 

( 1  -  iu)si  +  i/i.t^  =  0, 
or 

ni—  —  *  -    =  -  -    '  -  -     • 
81 -ft.,     -        d\j 

This  result  may  also  be  obtained  from  equation  (3)  of  Ex.  1  by  expressing  that  0  is 
constant  and  m  a  maximum.     In  the  case  of  steam,  if 

L  =  800-0-70.5r, 

we  find  for  the  maximum  condensation 

5.  A  mixture  half  water  and  half  steam  at  150'  C.  is  enclosed  within  a  non- 
conducting cylinder  and  allowed  to  expand,  pushing  back  a  piston,  determine 
what  happens. 

{If  m  be  the  mass  of  vapour  i)resent  at  any  instant,  the  whole  mass  of  the  mixture 
being  unity,  then  evaporation  or  condensation  will  occur  according  as 

is  jKisitive  or  negative.     Now  for  water  vapour  we  have  the  formula 

L  =  .sOO-0 -70.07. 
Therefore 

(//L\         800 

80  that  at  the  tenii»erature  150  C.  we  have,  taking  5j  =  l.  and  »i  =  i, 

•H, -/«(*,-..,)  =  ! -^^-?-- 0-054, 

which  is  a  positive  (piantity,  ••onsequently  evaporation  takes  place  as  the  expansion 
proceeds. 

This  might  also  be  seen  at  once  from  tlic  final  equation  of  the  ])receding 
example.     For  the  amount  of  vapour  present  when  the  niaxinnini  condensation  has 

Uken  place  at  150'  C.  is  ///  =  .  *"  =  '529,  and  this  exceeds  the  quantity  in  our  problem. 

Hence  more  vapour  will  form  on  expansion,  until   its  ipiautity  is  "*'  =  gA()*      ^^^^' 

stituting  this  in  equation  (li,  Ex.  ^i,  we  ol)tain  an  e«iuation  which  gives  r'  the 
temperature  at  which  evaporation  (easfsanii  '.'ondensation  begins.     This  temperature 
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is  about  120'' C.      Condensation  then  takes  place,  and  the  ratio  of  the  vapour  to  the 
liquid  will  again  become  unity  at  a  temiwrature  of  about  91'  C.} 

6.  Show  that  when  the  specific  heat  of  a  saturated  va}>our  in  negative  the  adia- 
batic  lines  intersect  the  steam  line  (Fig.  146),  passing  downwards  across  it  from  right 
to  left,  and  wlien  the  specific  heat  is  positive  they  {>a8s  acrosd  it  from  left  to  right. 
their  upper  \y&rta  lying  to  the  left  and  their  lower  to  the  light. 

7.  Prove  that  the  external  latent  heat  L«.  (Art.  851)  is  related  to  the  latent  heat 

L  by  the  equation 

L     T  dp 

L^    p  dr 

8.  If  the  latent  heat  of  va^iorisation  can  be  expressed  in  the  form 

L  =  a  -  6r, 

prove  that  the  difference  of  the  specific  heats  of  the  liquid  and  the  saturated  rapoar 
varies  inversely  as  the  absolute  temperature. 
{We  have 

*      cLt      T  r  ' 

9.  In  the  same  case  provo  tliat  the  variation  of  the  specific  heat  of  a  saturated 
vai»our  per  degree  of  temperature  is  inversely  pro])ortioDal  to  the  square  of  the 
absolute  temperature. 

{Neglecting  the  variations  of  the  specific  heat  of  the  liquid,  we  have  by  Ex.  8 

ds^  _  a  . 

10.  Supposing  the  latent  heat  of  vaporisation  of  water  to  be  given  by  the  formula 

L  =  800-0  70.57 

calculate  the  temperature  of  inversion.' 

{Taking  the  specific  heat  of  water  to  be  unity  we  tind 

,      800 

s.,  =  1 . 

r 

conse(iuently  tlie  temperature  of  invei-sion  {s.,  =  0    is  r.'J7    ('. ;  cf.  Art8.  200,  242.1 

11.  Calculate  the  dilfereMce  between  the  trigonometrical  tangents  of  the  angl<'> 
which  the  tangents  to  the  hoar-frost  line  and  the  steam  line  at  the  triple  jK)iiit  make 
witli  the  axis  of  abscissa*  in  the  case  of  water  substance. 

{Taking  the  latent  heat  to  be  80,  ,I  =  42r0(>,  rj,  =  27:3,  i/.v.=  209400  cc,  we  find 

the  pressure  being  measured  in  grammes  i>er  S(juare  centimetre.} 

12.  Deduce  tlie  ratio  of  the  quantities  (  y    j     and  (  -,     )     in  terms  of  the  latent 

lieats  of  fusion  and  evaporation.     Calculate  their  numerical  values  for  water  sub- 
stiince,  and  (•om]>are  tlie  calculated  values  with  the  results  of  Kegnault's  exj>erinient3, 


*  [The  linear  lormula  for  latent  heat  is  widely  departed  from  at  high  temperatiin'>. 
hence  the  result  here  obtained  ditfers  considerably  from  the  true  temi»eraturt'.  a» 
determined  by  experiment.] 


SECTION   VI 

CHARACTERISTIC    FUNCTIONS   AND   THERMODYNAMIC    POTENTIAL 

354.  Characteristic  Functions — FormulsB  of  M.  Massieu. — The 
two  fundamental  principles  of  thermodynamics  furnish  two  equations 
connecting  the  three  unknowns  which  determine  the  state  of  a  body,  viz. 

dQ=dV+(Piy=Td<f>. 

Hence,  in  order  to  determine  all  the  coefficients  relating  to  the  sub- 
stance, it  is  necessary  to  have  some  other  equation  connecting  the 
variables  which  define  its  state.  We  are  consequently  led  to  expect 
that  although  these  various  coefficients  and  the  state  of  the  body 
cannot  be  determined  in  absence  of  this  third  equation,  yet  it  should 
be  possible  to  express  them  in  terms  of  some  function  of  the  variables. 
That  is  what  M.  Massieu  ^  has  shown,  and  the  function  from  which  the 
various  quantities  may  be  derived  he  terms  the  diaracteristic  function 
of  the  body.  It  depends  upon  the  pair  of  independent  variables 
chosen,  having  one  form  when  t  and  v  are  chosen,  and  another  when 
T  and  p  are  taken. 

Thus,  if  we  write,  as  in  Art.  348, 

then  the  equation 

dV  =  Td<l>-pdv  .         .  .  .         (1) 

may  be  written  in  the  equivalent  form  Variable! 

T  and  v. 
dy=  -<t>dr-2Hlv (2) 

Consequently  we  have 


while 


0=.-g,     and;,=  -g (3) 


\:=7+r<t>r=y-T^J- (4) 


1  F.    Massieu,    Comptes  Ilendus,  torn.  Ixix.  pp.    858,   1057  ;    1869  :   Journal  de 
Physique,  torn.  vi.  p.  216,  1877. 
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Further,  the  specific  heat  at  constant  volume  is  given  by  the  equation 

^'-[d^jr'^d^  •     •     •     •     •    ^*^ 

while  for  the  difference  of  the  specific  heats  we  have  (p.  744) 

therefore 

In  like  manner  the  isothermal  elasticity  and  the  coefficient  of  increase  of 
pressure  are  given  by  the  equations 

and 

v\  drj,    drdvl  dv ^  ' 

Thus,  when  the  temperature  and  volume  are  taken  as  independent 
variables,  all  the  other  quantities  appertaining  to  the  condition  of  the 
substance  U,  p,  <f>,  Cp,  C,^  etc.,  can  be  expressed  in  terms  of  the  function 
y,  and  its  partial  differential  coefficients. 

In  the  same  way,  if  the  pressure  and  temperature  be  chosen  as 
independent  variables,  equation  (1)  may  be  thrown  into  the  form 
d(U  -  T<f>  +pv)  =  vdp  -  <f>(lT. 

Hence,  if  we  write 

we  have 

and  consequently 


while 


(fi>  =  iWp  -  (ptlr (10) 

v  =  ~,     and0=-^          .         .          .         .  (11) 

U=*  +  T0-;n'  =  4>- r  ,    -W7-  .          .          .          .  12/ 

dr        Up 


For  the  specific  heat  at  constant  pressure  we  have  dQ  =  d\J  +  pdr,  or 

,,       /./U\     .     fdv\  rr^  .^.. 

^''=VdV),-P[;fr),=  -'-dy^     ....         113/ 

and  for  the  specific  heat  at  constant  volume  we  have 

^^-^"^\dr)  lj,>---'dr^'-'\drdl.)  I  dp^  '  '         ^''' 

Tiie   coefiieient  of   expansion    and   the    compressibility   may   also  be 
expressed  in  terms  of  4>,  thus 

v\ifT/p     drdj)/   dp 
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and 


dp 


(16) 


Hence,  when  the  pressure  and  temperature  are  chosen  as  independent 
variables,  the  function  ^  enables  us  to  express  all  the  other  quantities. 


ExampUs 

1.  Calculate  the  characteristic  functions  J  and  4*  in  the  case  of  a  perfect  gas. 
{Here  we  have  the  relation  />i;  =  Rr,  while  the  internal  energy  is  a  function  of  the 
temperature  only,  and  is  given  by  tlie  equation 

d\5  =  C^T.     Hence  if  C,  be  regarded  as  constant,  U  -  Uo  =  Cp(t  -  Tq)  .        .         (1) 

Further,  dQ  =  CydT+pdVf  and  therefore 


Hence 


and  therefore 


while 


» .     r,  dr     „  dv 

TV 


V 


0-  0o=Ce  log  -  +  R  log  -  =  (C,  +  R)  log  ~  -  R  log  f 
7  =  U-T0  =  Uo-C.ro-r0o  +  C.Tfl-log-)-RTlog^ 
*  =  Uo-C,To-T^  +  r(C,  +  R)(l-log-)+RTlog^ 

\  "^0/  Po 


(2) 


(3) 


(4) 


These  expressions  may  be  verified  by  applying  the  formula  of  the  })receding  article. 
Thus 

dy^     Rr 

dv 


V 


=  -py 


,  rf*     Rr 
and  -    =  —  =  r,  etc. 
dp      p 


In  these  expressions  for  J  and  4>  the  quantity  R  may  be  replaced  by  A/p,  where  k  is  a 
constant,  the  same  for  all  gases,  and  p  is  the  normal  density  of  the  gas.     See  }).  151.} 
2.  Express  the  various   coetticients  of  a   substance   in   terms  of  the   quantity 
y'  =  X:^pv. 

856.  Condition  of  the  Possibility  of  a  Transformation. — When  a 
system  passes  through  any  cycle  of  transformations,  if  c^Q  be  the 
quantity  of  heat  taken  in  by  the  system  along  any  element  of  the 
cycle,  and  t  the  absolute  tempera- 
ture of  the  source  which  yields 
the  heat,  then  if  the  cycle  be 
reversible,  we  have 


/ 


r 


But  if  the  conditions  of  rever- 
sibility be  not  fulfilled,  we  have 
(Art.  333) 


i'- 


M 


N 


<0. 


FlK.  224. 


The  interpretation  of  this  is  that  if  a  system  passes  from  a  state  A  to 
another  state  B,  then  the  value  of  the  above  integral  taken  along  any 
path  joining  A  and  B  is  greatest  when  the  operation  is  reversible.     In 
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other  words,  <^b  -  </>a  is  the  same  for  all  reversible  paths  joining  A  and 
B,  and  is  greater  than  the  integral  of  rfQ/r  for  any  path  between 
A  and  B  which  is  not  reversible.  Thus  if  AMB  (Fig.  224)  is  a  re 
versible  path,  while  ANB  is  not  reversible,^  then  considering  the 
whole  cycle  ANBMA  we  have 


/' 


^  +  0A-0B<O, 


ANB 

and  therefore 


/ 


do 

<0B-  0A  .  .  .  .  .  .  (1) 

T 


AKB 

We  conclude  therefore  that  no  transformation  from  the  state  A  to  the 
state  B  is  possible  which  would  give  the  integral  a  value  greater  than 
</>B  -  </>A>  while  a  transformation  which  would  give  the  integral  a  smaller 
value  is  possible,  but  not  reversible. 

The  inequality  (1)  is  consequently  the  condition  that  a  transforma- 
tion from  any  state  A  to  another  state  B  may  be  possible.  For  an 
infinitely  small  change  it  becomes 

dQ<Td<f> (2} 

or  the  quantity  of  heat  absorbed  is  greatest  when  the  operation  is 
reversible.     This  is  also  directly  obvious  from  the  reasoning  of  Art.  333. 

When  the  system  is  isolated,  dQ  =  0,  and  the  above  inequalities  (1) 
and  (2)  mean  that  for  every  possible  transformation  d<i>  must  be  positive ; 
or,  in  other  words,  every  possible  change  of  the  system  is  attended  bv 
an  increase  of  entropy. 

It  follows  as  a  corollary  that  in  any  isolated  system  stable  equi- 
libiium  will  be  attained  when  the  entropy  has  reached  its  maximum 
value.  For  in  this  case  the  entropy  cannot  increase,  and  therefore  no 
change  can  take  place  in  the  system. 

356.  Thermodynamic  Potential. — The  preceding  inequality  which 
t^sts  the  possibility  of  a  transformation  may  be  expressed  in  terms 
of  either  of  the  characteristic  functions  of  M.  Massieu.  When  an 
elementary  transformation  is  reversible  we  have 

dQ  =  Td<p 

dj  —  -  <pdT  -  pdi' 

(/4>  =  rdp  -  (pdr, 

and  when  the  operation  does  not  satisfy  the  conditions  of  reversibility 
we  must  have 

dQ^Td<p (1> 

dy  <  -  4>dT  -  j)dr         .....         (2} 
d*^  <  vtl p  -  <pilT ;3) 

^  [The  reversibility,  or  otherwise,  depends  not  on  the  particular  path,  but  on  the 
conditions  nnder  which  it  is  traversed.] 
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us  by  applying  the  inequality  (1)  we  obtain  (2)  and  (3)  immediately. 


d;/=d{v  -  T<p)=<nj  -Tcup-  <pdT, 

nsequently  (since  dQ,  is  less  than  Td<t>)  we  have 

dy<dV-dQ-<pdT. 

ut  dU  -dQ=  -pdv  if  the  only  external  force  is  a  uniform  normal 
Tessiire.     Therefore  we  have 

dy<-4>dT-pdv (2) 

n  the  same  way 

rf*  =  rf(U  -  T0  +j9r)  =  dy  +  jxlv  +  vdp, 


nd  therefore  by  (2)  we  have 

</*  ^  vdj)  -  tpdr (3) 

Consequently  (1),  (2),  (3)  express  the  same  condition  of  possibility. 

We  shall  now  consider  two  particular  cases.  In  the  first  place,  if 
the  temperature  and  volume  of  the  system  remain  constant,  then  if 
any  transformation  of  the  system  were  possible  under  these  conditions, 
it  must  take  place  in  such  a  way  that  we  have  (by  2) 

That  is,  dy  must  be  negative,  or  the  transformation  is  possible  only  if 
it  takes  place  in  such  a  way  as  to  decrease  y. 

On  the  other  hand,  if  the  pressure  and  temperature  remain  constant, 
as  when  fusion  and  vaporisation  are  in  progress,  then  (3)  gives  us 

SO  that  d^  is  negative,  and  any  transformation  that  may  be  possible 
under  these  conditions  ^  must  be  such  that  the  function  *  decreases. 
We  conclude  therefore  that — 

(a)  If  V  and  T  remain  constant  in  any  system  (not  isolated)  the 

function  ^  cannot  increase. 
{P)  If  p  and  T  remain  constant  in  any  system  (not  isolated)  the 

function  ^  cannot  increase, 
(y)  If  a  system  be  isolated  the  entropy  cannot  decrease. 

From  (a)  we  infer  that  when  the  function  ^  is  a  minimum  it  is 
impossible  for  any  change  to  take  place,  and  consequently  the  system 
under  the  conditions  (a)  is  in  stable  equilibrium.  While  from  (/?)  we 
infer  that  the  system  will  be  in  stable  equilibrium  when  <l>  is  a  minimum. 
Now  in  rational  mechanics  the  equilibrium  of  a  system  is  stable  when 

»  J.  W.  Gibbs,  Trans.  Omnecticut  Aatd.,  vol.  iii.  pi*.  108-248,  343-r.24  ;  1875.78  : 
Sillitnans  Journal,  vol.  xvi.  pp.  441-458;  1S78:  American  Journal  of  Arts  and 
Sciences,  vol.  xviii.,  1879. 
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the  potential  energy,  or  the  force  function,  is  a  minimum,  and  conse- 
quently the  functions  y  and  4>  here  play  a  part  corresponding  to  that 
of  the  force  function  in  mechanics,  and  the  function  y  has  been  accord- 
ingly named  ^  by  M.  Duhem  the  thermodynamic  potential  ai  constant 
volume,  while  the  function  4>  is  termed  the  thermodynamic  potential  at 
constant  pressure.^ 

857.  Thermodynamic  Potential  of  a  Heterosreneous  Mass- 
When  the  mass  under  consideration  is  not  homogeneous  throughout, 
but  consists  of  masses  m^,  m^,  m^  etc.,  of  different  qualities  or  in 
different  states,  the  thermodynamic  potential  of  the  whole  is  the  sum 
of  the  thermodynamic  potentials  of  the  constituents.  For  if  U^,  V^  U^, 
etc.,  be  the  internal  energies  of  the  constituents  per  unit  mass,  then 
the  whole  internal  energy  is 

U  =  »rtiUi  +  m^Vi  +  w^Us  4-  etc., 

and  in  the  same  way  if  <^j,  <l>^  <^3,  etc.,  be  the  entropies  per  unit  mass 
of  the  parts,  then  the  whole  entropy  is 

0  =  ini4^  4-  7/1^03  4-  'ij^s  +  etc. 

Consequently  we  have  for  the  whole  mass,  if  the  temperature  be  the 

same  throughout, 

y=U- T<p=  ZwijUi - T2mi0i ; 
that  is, 

7  =  "ii7i  +  »«272  +  ^h73  +  etc. 
In  the  same  way,  if  the  .pressure  be  the  same  throughout,  we  have 
V  =  7n^v^  +  m.,r.,  +  ni^r.^  +  etc.,  and  the  thermodynamic  potential  at  con- 
stant pressure  is 

(}>  =  ?/j  j4>i  +  7>}.j<J>2  +  >«  A  +  etc. 

Thus  for  a  unit  mass,  a  part  ///  of  which  is  in  the  state  of  saturated 
vapour,  the  remainder  1  -  m  being  liquid,  we  have 

^  =  {\  -  ill )<t>j  +  9«4>.2. 

358.  Change  of  State. — In  illustration  of  the  preceding  principles 
let  us  consider  the  case  of  a  unit  mass  of  any  substance  existing  in 
two  different  states  of  aggregation.  For  instance,  let  a  fraction  m  of 
it  be  in  the  state  of  vapour,  and  the  remainder  1  -  m  in  the  liqiud 
state.  Now  if  a  further  quantity  dm  of  the  liquid  becomes  vapour, 
the  pressure  remaining  constant,  the  thermodynamic  potential  of  the 
liquid  diminishes  by  an  amount  *J>^^7«i,  while  that  of  the  vapour  in- 
creases by  the  amount  4>./////,  where  4>j  and  4>.^  are  the  thermodynamic 
potentials  per  unit  mass  of  the  liquid  and  vapour  respectively,  and 

'   1\  Duhem,  L''  Pot'iiliel  I'hernioifi/iKnniquc.  Paris,  1886. 

-  [y  has  beeu  called  by  v.  Heliiilioltz  the  free  en/^rgif  of  the  system.  It  repre- 
sents the  jKirt  of  th«'  energy  whicli,  in  reversible  isothermal  processes,  can  \)e  convert*''! 
into  work.     For  if  r  is  constant  ffy=  -pdv  (Equation  '2,  Art.  354).] 
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evidently  remain  constant  under  the  supposed  conditions.     Hence  the 
change  of  the  thermodynamic  potential  of  the  mixture  is 

But  for  the  possibility  of  any  such  transformation  (/4>  must  be 
negative,  and  consequently  if  4>2  be  greater  than  ^^  then  dm  must  be 
negative,  and  condensation  alone  is  possible,  whereas  if  ^2  ^®  ^^^  thsi>ii 
^j,  dm  must  be  positive,  and  vaporisation  alone  is  possible.  When  ^^ 
is  equal  to  4>p  either  transformation  is  possible  and  reversible. 

Hence,  when  the  change  of  state  is  reversible,  we  have 

*i-*2-0 (1) 

and  as  4>^  and  4>2  are  functions  of  the  temperature  and  pressure,  this 
equation  is  a  relation  connecting  the  temperature  and  pressure  of  the 
mass  when  the  change  of  state  takes  place  in  a  reversible  manner. 
Now  the  pressure  of  a  mass  changing  state  is  a  function  of  the  tempera- 
ture alone,  and  we  cannot  have  two  equations  connecting  p  and  t, 
otherwise  they  would  be  completely  determined,  therefore  the  equation 
(1)  must  be  the  functional  relation  connecting  the  temperature  and 
pressure  during  change  of  state ;  in  other  words,  it  is  the  equation  of 
the  steam  line,  the  ice  line,  or  the  hoar-frost  line,  according  to  the 
states  to  which  4>j  and  *2  *^®  supposed  to  refer.  Hence  if  *j,  *2»  *s 
refer  to  the  solid,  liquid,  and  gaseous  states  respectively,  the  transfor- 
mation from  one  state  to  another  will  be  reversible  along  any  one  of 
the  lines 


(Steam  line) 
(Hoar-frost  line) 
(Ice  line) . 


(1) 
(2) 
(3) 


When  the  supposed  transformation  does  not  take  place  along  one 
of  these  curves  it  is  not  reversible,  and  it  will  be  impossible  if  it  would 
entail  an  increase  of  4>.  We  p 
can  easily  examine,  with  re- 
gard to  anyone  of  the  curves, 
the  region  in  its  plane  for 
which  the  transformation  is 
possible  and  for  which  im- 
possible. Thus  any  curve 
f{xy)  =  0  divides  its  plane 
into  two  regions,  such  that 
the  co-ordinates  of  any  point 
in  one  of  them  makes  f{xy) 
a  positive  quantity,  while  any 
point  in  the  other  renders  it  negative.     The  curve  itself  is  the  line  of 


O 


Fig.  225. 
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demarcation  between  the  two  regions,  and  any  point  on  it  makes /(ay) 
zero.     Thus  if  the  equation  of  the  curve  MN  (Fig.  225}  be 

♦,-♦,=0, 

the  coordinates  of  any  point  A  not  situated  on  the  eurve  will  not 
satisfy  the  equation  of  the  curve,  and  we  propose  to  determine  whedier 
it  yields  a  positive  or  a  n^^ative  value.  For  this  purpose  draw  AP 
parallel  to  the  axis  Or,  and  let  the  coordinates  of  P  be  p  and  r  while 
those  of  A  are  p  and  r-^dr^  then  the  change  of  ^^  -  ^^  in  passing  from 
P  to  A  will  be»  using  Masdeu's  formulse. 


(f-f>=(*.-*.)*=7-'. 


and  this  is  a  positive  quantity.     Therefore  A  is  in  die  positive  rtegion. 
Similarly,  if  we  take  a  point  B  whose  co-ordinates  are  r  and  p-^df^ 
we  have  for  the  value  of  ^^  -  ^^  *^  ^^^  point 


(^-$)*=(^-^)*' 


and  this  will  be  negative  if  y^  is  less  than  v^  Consequently  we  infer 
that  if  the  latent  heat  is  positive,  and  if  the  change  of  volume  is  also 
positive  in  passing  from  the  state  (1)  to  the  state  (2),  then  the  eurve 
^^-4f^  =  0  passes  between  the  points  A  and  B  as  shown  in  the  figure^ 
A  lying  in  the  positive  r^on  and  B  in  the  negative.  U,  however, 
the  change  of  volume  be  negative,  as  in  the  fusion  of  ice,  then  the 
curve  will  not  pass  between  A  and  B,  but  will  be  situated  like  M'N', 
so  that  the  two  points  lie  on  the  same  side  of  it.  In  the  former  case 
increase  of  temperature  is  accompanied  by  increase  of  pressure,  whereas 
in  the  latter  increase  of  temperature  is  accompanied  by  decrease  of 
pressure. 

•Let  us  now  retiurn  to  the  equation 

and  consider  the  transformation  PA  (Fig.  225).  In  this  case  the  value 
of  *2  -  *i  at  A  is  -  JjcIt/t,  a  negative  quantity  if  the  transformation 
from  the  state  (1)  to  the  state  (2)  is  accompanied  by  absorption  of 
heat — that  is,  if  L  is  positive.  In  this  case  dm  can  only  be  positive, 
and  we  conclude  that  at  every  point  on  the  right-hand  side  of  the  curve 
the  only  transformation  possible  is  one  in  which  dm  is  positive  and 
entails  an  absorption  of  heat.  In  the  same  way  the  only  transforma- 
tion possible  to  the  left  hand  side  of  the  curve  is  one  in  which  dm  is 
negative  and  entails  an  evolution  of  heat.^ 

^  J.  Moutier,  Bulletin  de  Ja  SocUU  Phiiomathiqxie^  6®,  torn,  xiii.,  1876 ;  7«,  tonis. 

•       •  •       •  •  ■       • 
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Similarly,  if  we  consider  the  transformation  PB,  we  find  that  the 
value  of  ^2  -  *i  at  B  is  (v^  -  *'i)^i'>  and  therefore  if  v^  is  greater  than 
v^  the  only  transformation  possible  in  the  region  above  the  curve  {dp 
positive)  is  one  in  which  dm  is  negative — that  is,  one  in  which  there 
is  a  decrease  of  volume, — whereas  in  the  region  below  the  curve  (dp 
negative)  the  only  transformation  possible  is  one  which  entails  an 
increase  of  volume.^ 

Thus  if  the  pressure  of  a  mixture  of  water  and  its  saturated 
vapour  could  be  increased  without  condensation  or  change  of  tempera- 
ture, the  new  condition  would  be  unstable.  In  this  state  the  water 
cannot  evaporate,  but  there  is  a  likelihood  of  sudden  liquefaction.  On 
the  other  hand,  if  the  pressure  happened  to  diminish  without  evapora- 
tion or  change  of  temperature  the  vapour  cannot  condense,  but  there 
is  danger  of  explosive  ebullition. 

Along  the  curve  of  reversible  transformation  4>j  -  4>^  =  0,  we  have 

(!?-t)-*(f-t)*-»- 

That  is 
or 

869.  The  Triple  Point — The  preceding  theory  may  be  applied 
at  once  to  deduce  the  theorem  of  the  triple  point  (Art.  353),  viz.  that 
the  two  vapour-pressure  curves  (the  steam  line  and  the  hoar-frost  line) 
intersect  on  the  line  of  fusion  or  ice  line.  For  the  equation  of  the 
steam  line  is 

*2-*3  =  0 (1) 

and  along  this  the  liquid  and  vapour  are  in  equilibrium.  The  equation 
of  the  hoar-frost  line  is 

*3-*i  =  0 (2) 

and  along  this  the  vapour  and  solid  are  in  equilibrium.  Now  by 
adding  (1)  and  (2)  together  we  obtain  the  equation  of  a  curve  which 
must  pass  through  all  the  points  in  which  (1)  and  (2)  intersect  each 
other,  but  the  sum  of  (1)  and  (2)  gives 

*,-*2  =  0 (3) 

But  this  is  the  equation  of  the  ice  line,  and  we  therefore  conclude  that 
every  point  of  intersection  of  any  two  of  these  curves  lies  on  the 
third. 

From  this  it  follows  at  once  that  if  two  of  these  curves  coincide  in 
any  region  the  third  must  coincide  with  them  all  along  their  common 

*  Gustave  Robin,  ibul.t  7*,  torn.  iv.  p.  21. 
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part,  or  if  two  of  them  coincide  completely,  the  three  become  one 
and  the  same  curve,  and  the  substance  can  exist  in  only  two  states. 
Now  in  the  case  of  water  the  steam  line  and  the  ice  line  are  obviously 
distinct,  and  therefore  the  hoar-frost  line  must  also  be  a  distinct  curve, 
and  cannot  merge  into  the  steam  line  as  Kegnault  thought,  but  cuts  it 
at  an  angle  at  the  triple  point 

The  co-ordinates  of  this  point  obviously  satisfy  the  equations 

so  that  at  the  triple  point  the  thermodynamic  potential  is  the  same 
(to  a  constant)  for  all  three  states. 

To  determine  the  angles  at  which  the  three  curves  intersect  at  the 
triple  point  we  have,  taking  the  steam  line, 

(ij'-t)*Kt-f)-"-«. 

which  by  Massieu's  formulae  gives  at  once 

{v2-v^)dp={ip^-'<h)dT; 

therefore,  for  the  inclination  of  the  tangent  to  the  axis  of  abscissae,  we 
have 

\rfT/23     ^2-^3*     Xdr/si     Vi-vi'     \rfry,a     Wj-t?,  * 

Hence  the  trigonometrical  tangents  of  the  angles  are  obviously  con- 
nected bv  the  relation 

<'-'v(£X,.(..-.<5^)^,.(n-v..)(S),^=o. 

And  this  by  the  fundamental  formula  of  Art.  350  gives 
Hence,  at  the  triple  point,  we  have 
Writing  this  equation  in  the  form 

we  see  that  if  r^,  /*.„  v.^  are  in  ascending  order  of  magnitude,  so  that 
i\  -  r.,  and  ^3  -  r.,  ha\'e  opposite  signs,  then  the  differences 

must  have  opposite  signs.     In  other  words,  if  the  value  of  v^  is  inter- 
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mediate  between  those  of  i\  and  v^  then  the  magnitude  of  (-£]    lies 

between  those  of  (^]    and  (^j  .     Hence  the  curve  (13),  which 

corresponds  to  the  greatest  change  of  volume,  can  be  placed  with 
reference  to  the  other  two,  for  the  angle  which  the  tangent  to  it  at 
the  triple,  point  makes  with  the  axis  of  abscissae  is  intermediate  in 
magnitude  between  the  angles  which  the  tangents  to  the  other  two 
make  with  the  same  axis.  Consequently,  if  an  ordinate  be  drawn 
cutting  the  three  curves,  the  point  of  section  with  the  curve  (13)  will 
lie  between  those  with  (12)  and  (23). 

860.  Applications. — The  principles  of  thermodynamic  potential 
have  been  recently  applied  with  much  success  to  the  problems  pre- 
sented in  the  theory  of  solutions,  dissociation,  and  thermo-electric 
phenomena.^ 

As  an  illustration  let  us  take  the  case  of  a  compound  which  dis- 
sociates into  two  simple  substances  at  a  certain  temperature  and 
under  constant  pressure.  Then  if  at  any  instant  the  mass  of  the 
compound  present  in  the  mixture  be  77I3,  while  the  masses  of  the 
dissociated  elements  are  m^  and  m^,  and  if  4>p  *2»  *8  ^®  ^^®  corre- 
sponding thermodynamic  potentials  per  unit  mass  respectively,  we 
have  for  the  whole  mass  of  the  mixture 

Hence,  if  the  masses  m^,  m^j  m^  be  supposed  to  change  by  amounts 
dm^,  dm^  and  dm^^  under  the  pressure  p  and  temperature  t,  we  have 

But  dm^^  dm^  dm^  are  connected  by  the  equation  dni^  +  dm,,  +  dm^  =  0  ; 
so  that  if  M?j,  u'g,  w^  denote  the  molecular  weights  of  the  compound 
and  its  constituents  respectively,  we  have 

" —      — —         ~  .  .  .  .  •  V^/ 

ICi  W2        M'l  +  IT.^ 

and  consequently  (1)  becomes 

Consequently,  if  the  quantity 

is  positive,  a  change  in  which  dm^  is  negative  is  alone  possible,  whereas 

*  A  full  exposition  of  the  theory  of  thermodynamic  potential  and  its  applications 
will  be  found  in  M.  Duhem's  work,  Lc  PotenticI  Thennodynamique  et  ses  App/ica- 
turns,  Paris,  1886. 
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if  this  quantity  be  negative  the  only  change  poesible  is  one  in  which 
m^  increases.     If  the  transfonnation  is  reversibley  then 

and  this  equation  represents  the  curve  of  dissociation  pfessure.  The 
dissociation  pressure  is  thus  a  function  of  the  temperature  only,  and  is 
independent  of  the  quantity  ifi,  of  the  original  compound  present^  and 
of  all  such  circumstances. 


SECTION   VII 

GEOMETRICAL  REPRESENTATIONS — ^THERMODYNAMIC    DIAGRAMS 

AND   SURFACES 

861.  Plane  Diafiri*ams. — The  advantage  of  the  graphic  method 
of  representing  the  state  of  a  substance  by  means  of  a  point  in  a 
plane  diagram,  and  the  elegance  of  the  method  in  concisely  represent- 
ing the  whole  history  of  a  transformation,  have  been  already  illustrated 
in  many  cases.  The  particular  case  of  Watt's  indicator  diagram  (Art. 
68),  in  which  the  co-ordinates  of  the  point  are  taken  as  the  pressure 
and  volume  of  the  substance,  is  that  which  has  hitherto  been  most 
commonly  employed,  but  evidently  any  pair  of  the  five  quantities 
P>  ^9  T,  <f>y  U,  which  determine  the  condition  of  the  substance,  may  be 
used  for  the  same  purpose,  and  it  may  happen  that  for  one  problem 
the  representation  may  be  most  simply  represented  by  one  pair,  while 
for  another  problem  simplicity  and  elegance  will  be  most  easily  secured 
by  choosing  another  pair. 

Thus  when  p  and  v  are  taken,  as  in  Watt's  method,  the  lines  of 
constant  volume  (isometrics)  and  the  lines  of  constant  pressure  (isopiestics) 
are  systems  of  right  lines  parallel  to  the  two  axes  of  reference  respec- 
tively, while  the  lines  of  constant  temperature  (isothermals),  the  lines 
of  constant  entropy  (iseniropics)  and  the  lines  of  constant  internal 
energy  {isodynamics  or  isenergics)  are  each  a  system  of  curved  lines 
of  some  particular  form  depending  on  the  nature  of  the  substance. 

The  other  quantities  which  require  to  be  represented  on  the  diagram, 
and  which  depend  on  the  nature  of  the  transformation  rather  than  on 
the  nature  of  the  substance,  are  the  external  Avork  W  performed  by  the 
body,  and  the  quantity  of  heat  Q  supplied  to  it  in  passing  from  one 
state  to  another  through  some  intermediate  series  of  states.  In  the 
case  of  a  ^  diagram  the  work  is  represented  very  simply  by  the  area 
enclosed  by  the  path  of  the  body,  the  ordi nates  at  its  extremities,  and 
the  axis  of  abscissaj,  but  the  quantity  Q  is  not  so  simply  represented, 
AS  it  depends  not  only  on  the  area  representing  the  work,  but  also  on 
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the  change  of  internal  energy.  Thus,  while  /?,  r,  t,  <^  U  are  functions 
of  the  state  of  the  body,  the  quantities  W  and  Q  are  determined,  not 
by  the  state  of  the  body  at  any  instant,  but  by  the  whole  series  of 
states  through  which  the  body  passes  from  one  condition  to  another. 

On  the  other  hand,  if  r  and  <^  be  taken  as  co-ordinates,  the  isother- 
mals  and  isentropics  will  be  systems  of  right  lines  parallel  to  the  axes 
of  reference,  and  the  isometrics,  isopiestics,  and  isodynamics  will  be 
curves  of  some  particular  character  depending  on  the  nature  of  the 
body.  The  quantity  Q  on  this  diagram  will  be  represented  (like  the 
quantity  W  on  the  pv  diagram)  by  the  area  included  between  the  path, 
the  ordinates  at  its  extremities,  and  the  axis  of  abscissae,  for  we  have 
dfQ  =  ref  <^  or 

while  W  will  depend  on  this  area,  and  also  on  the  change  of  internal 

energy  experienced  by  the  substance  in  passing  from  its  initial  to  its 

final  condition. 

It  is  clear,  therefore,  that  from  general  considerations  there  is 

nothing  to  choose  between  a  diagram  constructed  with  p  and  v  as  co- 
ordinates, and  that  constructed  with  r  and  <^ ;  the  work  and  quantity 
of  heat  being  represented  on  the  former  in  a  manner  strictly  analogous 
to  that  in  which  the  heat  and  work  are  represented  in  the  latter.  This 
also  appears  from  the  general  equations 

rf  U  =  rfQ  -  d\\\     d  \V  =  iKlv,     dq  =  Td<p, 

for  these  are  unaltered  when  for  r,  p^  W  we  write  </>,  -  t,  -  Q  respec- 
tively. Hence  in  our  choice  of  co-ordinates  we  must  be  guided  by  con- 
siderations of  convenience  and  simplicity  in  drawing  the  particular  lines 
necessary  to  the  problem  in  hand,  as  well  as  for  the  representation  of 
W  and  Q.  For  one  problem  it  may  be  most  convenient  to  take  p  and  r, 
while  for  another  it  may  be  much  more  simple  ^  to  take  t  and  <^  or  r 
and  </),  or  some  other  jmir,  or  perhaps  some  functions,  of  the  quantities 
P,  l\  T,  </>,  U. 

When  the  substance  passes  through  a  complete  cycle,  and  returns 
to  its  initial  condition,  the  whole  external  work  done  is  represented  bv 
the  area  of  the  cycle,  and  the  heat  supplied  is  the  equivalent  of  this 
(since  the  internal  energy  has  not  changed)  on  thej^i;  diagi-am,  while 
the  whole  heat  supplied  is  re|)resented  by  the  area  of  the  cycle  on  the 
T</)  diagram,  and  the  external  work  done  is  its  equivalent.  For  this 
reason    the  jn-   and   the    t</>   diagrams   claim   special  attention.      The 

^   Wlieu  raiul  tp  iue  used,  Caniot's  cycle  takes  the  exceedingly  simple  form  of  a 
rectangle. 
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mportance  of  the  r<^  diagram  is  also  indicated  by  tbe  general  con- 
ideration  that^  although  work  may  be  transferred  by  mechanical  con- 
rivances  (levers,  etc)  from  systems  at  lower  pressures  to  others  at 
ligher,  yet  by  the  second  law  of  thermodynamics  the  transference  of 
leat  can  only  take  place  from  bodies  at  higher  to  others  at  lower 
^mperatures ;  so  that  in  the  former  case  it  is  only  necessary  to  ascer- 
tain the  total  quantity  of  work  performed,  but  in  the  latter  it  is 
lecessary  to  take  into  consideration  the  quantities  of  heat  as  well  as 
ihe  temperatures  at  which  they  are  received.  Hence,  if  in  any  par- 
licalar  problem  several  heat  areas  have  to  be  considered,  it  is  very 
important  that  these  should  be  represented  simply. 

As  an  example  of  the  use  of  the  two  systems  we  may  take  the 
simple  case  of  a  perfect  gas.  In  this  case  we  have  pv  =  Kr,  and 
tJ  =  C„T.  Hence  the  isodynamic  lines  coincide  with  the  isothermals 
whatever 'system  of  co-ordinates  be  chosen.  If  p  and  v  be  taken,  then 
;he  isothermals  and  isentropics  are  given  respectively  by  the  equations 
w  =  const,  and  pv^  =  const ;  but  if  t  and  <^  be  taken  as  co-ordinates,  the 
jurves  which  we  require  are  the  isometrics  and  isopiestics.  Now,  by 
!lxample  7,  p.  734,  we  have 

0  =  C,  log  r  +  R  log  «  + const (1) 

tnd  consequently  if  the  volume  is  constant  this  gives  for  the  equation 
>f  the  isometrics  on  the  T<f>  diagram 

0  =  Cr  log  r  +  const.       ....  (isometrics) 

io  that  they  are  a  system  of  similar  loganthmic  curves.  So  also 
equation  (1)  may  be  written  in  the  form 

0  =  C;>  log  r-R  log;?  +  const (2) 

ind  therefore  the  isopiestics  are  given  by  the  equation 

0  =  Cp  log  T-fconst (isopiestics) 

These  are  consequently  a  similar  family  of  logarithmic  curves.  The 
isodynamics  (as  in  this  case  they  coincide  with  the  isothermals)  are  a 
system  of  right  lines  parallel  to  the  axis  of  temperature. 

Examples 

1.  In  the  case  of  a  perfect  gas,  if  any  pair  of  the  quantities  log  v,  logp,  log  r, 
log  U,  0,  be  chosen  as  co-ordinates,  show  that  the  isothermals,  isentropics, 
isometrics,  etc.,  are  all  right  lines. ^ 


^  Professor  J.  W.  Gibbs,  Tntns,  Connt'dicut  Academy  of  Arts  and  Sciences,  vol. 
ii.  p.  325,  1871-73. 
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{In  the  case  of  a  perfect  gas  we  have 

log  p'+  log  V  -  log  T = const. 

log  U  -  log  r= const. 
0  -  C,  log  r  -  R  log  V = const., 

and  these  equations  are  each  linear  in  the  quantities  mentioned  in  question.} 

2.  If  V  and  0  be  taken  as  co-ordinates,  show  that  if  a  series  of  isodynamic  linei 
be  drawn  for  equal  infinitesimal  differences  of  energy,  then  any  series  of  right  Ibci 
parallel  to  the  axis  of  volume  are  divided  into  segments  inversely  proportional  to  tbe 
pressure,  while  any  series  of  lines  parallel  to  the  axis  of  entropy  are  divided  into 
segments  inversely  proportional  to  the  temperature. 
{This  follows  from  the  equations 


^=-{^\^     ^  =  (S)/} 


862.  Characteristic  Surfaces. — When  a  plane  diagram  is  con- 
structed with  any  two  variables  which  determine  the  condition  of  a 
body  as  co-ordinates,  then  every  point  in  the  plane  of  the  diagram 
corresponds  to  a  perfectly  definite  state  of  the  body,  and  the  indicator 
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point  is  constniiiied  to  move  along  some  definite  curve  only  when  the 
substance  is  forced  to  change  its  condition  under  some  fixed  law 
(for  exami)lo,  under  constant  temperature,  or  pressure,  et<3.).  Now  if 
any  pair  of  the  (quantities  ;>,  r,  t,  </>,  U  be  taken  as  rectangular  co-orcli- 
nates  (or  any  two  functions  of  these  quantities  which  determine  the 
state  of  the  body),  which  for  generality  we  shall  call  x  and  y,  then  at 
any  given  point  on  the  plane  diagram  x  and  //  will  have  given  values 
corresponding  to  a  definite  state  of  the  substance,  so  that  the  remain 
ing  three  of  the  al>ove  five  quantities  will  be  perfectly  determinate. 
Conscipiently,  if  a  perpendicular  be  drawn  to  the  plane  of  the  diagram 
at  the  point  x//,  and  if  a  length  z  be  measured  along  it  to  represent  anv 
one  of  the  other  (quantities,  the  locus  of  the  extremity  of  this  perpen- 
dicular  in   space   will   be  a   surface  of  some  kind  depending  on  the 
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ature  of  the  substance.  In  other  words,  if  any  three  of  the  quan- 
ities  |>,  r,  r,  <^  U  be  taken  as  the  rectangular  co-ordinates  a:,  ^,  2;  of  a 
oint  P  (Fig.  226)  in  space,  then  as  the  substance  passes  through  all 
ossible  conditions  of  equilibrium,  the  point  a*,  ^,  z  will  describe  a  sur- 
Ace  which  will  possess  certain  geometrical  properties  and  peculiarities 
lepending  on  the  nature  of  the  substance.  Such  a  surface  will  conse- 
oently  exhibit  the  characteristic  properties  of  the  substance,  and  may 
le  termed  a  characteristic  mrjace. 

The  particular  case  in  which  the  pressure,  volume,  and  temperature 
re  taken  as  co-ordinates  has  been  already  noticed  (p.  93),  and  the 
iinctional  relation /(/?,  v,  r)  =  0,  already  termed  the  characteristic  equa- 
ion  of  the  substance,  is  the  equation  of  this  surface.  For  example,  in  the 
ase  of  a  perfect  gas  the  equation  of  this  surface  is  xy  =  Rr,  viz.  a  rect- 
ngular  hyperbolic  paraboloid  asymptotic  to  the  planes  xz  and  yz.  The 
uantities  f^  v,  r,  being  those  which  are  directly  measured  in  any  case, 
re  naturally  the  quantities  which  would  be  first  chosen  as  co-ordinates 
1  any  geometrical  representation  of  the  properties  of  a  substance ;  but 
',  by  no  means  follows  that  the  surface  determined  by  these  coordinates 
rill  afford  the  most  comprehensive  and  elegant  representation  of  the 
roperties  of  the  substance.  In  addition  we  possess  no  general  equa- 
ions  connecting  p^  v,  t,  or  their  differential  coefficients,  whereas,  by 
leans  of  the  fundamental  principles  of  thermodynamics,  we  have  been 
)d  to  general  differential  equations  connecting  certain  other  quantities, 
'or  example,  we  have  the  fundamental  equation 

dV  =  Td(t>-pilv (1) 

Dnnecting  the  differentials  of  v,  </>,  U,  so  that  if  these  three  quantities  Tlie  r,  0,  U 
e  chosen  as  co-ordinates,  this  equation  is  the  differential  equation  of  ^^^^^c®- 
3me  surface  of  the  form 

U=/:r,0) (2) 

anceming  which  we  possess  at  once  certain  valuable  information. 
'or  by  (1)  we  have 

(S).-  ^m,-'  ■  ■  ■  ■■  <" 

ut  by  (2)  it  follows  that  the  direction  cosines  of  the  normal  to  the 
uiace  at  any  point  are  proportional  ^  ^'  ~;f[.'  ~  1>  ^^^  consequently 

Y  (3)  it  follows  that  the  direction  cosines  of  the  normal  at  any  point 
:  the  surface  are  proportional  to  t,  -/?,  -  1  respectively.  Hence,  with 
lis  surface  the  volume,  entropy,  and  internal  energy  are  given  directly 
7  the  co-ordinates  of  a  point  on  the  surface,  and  the  remaining  pair  of 

3E 
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quantities,  viz.  the  pressure  and  temperature,  are  given  by  the  direction 
of  the  normal  to  the  surface  at  the  same  point.  The  whole  five  quan- 
tities p,  V,  T,  <^,  U  are  thus  clearly  represented  in  an  exceedingly 
simple  manner. 
Additive  Another  advantage  of  the  v,  (^  U  co-ordinates  lies  in  the  fact  that 
P^^P^  y-  gn^jj  Qf  them  possesses  the  additive  property.  Thus,  in  a  system  the 
volume  of  the  whole  is  the  sum  of  the  volumes  of  the  separate  parts 
into  which  it  may  be  divided ;  the  energy  of  the  whole  is  the  sum  of 
the  energies  of  its  separate  parts,  and  similarly  for  the  entropy.  For 
this  reason  it  follows  that  when  such  surfaces  are  constructed  for 
different  masses  in  the  same  condition,  these  surfaces  will  be  similar  to 
each  other,  and  their  linear  dimensions  will  be  simply  proportional  to 
the  masses  which  they  represent. 

The  surface  obtained  by  using  v,  <^  U  as  co-ordinates  has  been 
brought  into  prominence  by  Professor  J.  Willard  Gibbs,^  and  its 
properties  will  be  considered  briefly  in  the  following  article.  At 
present  it  may  be  mentioned  in  passing  that  any  one  of  the  equivalent 
forms   of   the   equation   (lU  =  Td<l>  -  pdvy   viz.    with    the    notation  of 

Art.  348, 

dj  ^-fftdT-pdv (4) 

dy'=     rd<f»  +  vdp (5) 

d*  =     vdp  -  4>dT  .         .         .  (6^ 

yields  a  surface  which  possesses  properties  characteristic  of  the  sub- 
stance, and  which  yields  definite  information  as  to  its  condition.  Thus 
using  (4),  if  r,  t,  J^  he  taken  as  co-ordinates,  it  follows  that  the  entropy 
and  pressure  corresponding  to  any  point  are  determined  by  the  direction 
of  the  normal  to  the  surface,  and  similarly  in  (5),  when  p,  <^,  y'  are 
taken  as  co-ordinates,  the  direction  of  the  normal  determines  t  and  r, 
while  in  (6),  with  y/,  t,  4>  as  co-ordinates,  the  volume  and  entropy  are 
determined  by  the  normal. 

We  are  thus  furnished  with  a  considerable  choice  of  surfaces,  and 
that  employed  for  any  particular  purpose  can  be  selected  to  suit  the 
problem  in  hand.  Of  course  other  surfaces  may  be  constructed  with 
any  three  functions  of  the  quantities  p,  i\  t,  <f>,  U  as  co-ordinates  as  may 
be  found  convenient. 

363.  Gibbs*s  Model. — The  characteristic  surface  or  thermodynamic 
model  obtained  by  taking  ?•,  <^,  U  for  co-ordinates  has  been  carefully  in- 
yestigated  by  Professor  J.  Willard  Gibbs.^  It  may  be  remarked  at 
once  that  in  constructing  such  a  surface  with  regard  to  three  mutually 
recUingular  planes — viz.  the  plane  of  zero  volume,  the  plane  of  zero 

'  J.  \V.  (;ibbs,   Trtnis.  Connecticut  Acndcmi/  of  Arts  and  Sciences,  vol.  ii.  \\  382. 
1871-73. 
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id  the  plane  of  zero  energy — that  of  zero  volume  alone  is 

lile  those  of  zero  entropy  and  energy  are  arbitrary,  for  both 

lantities  include  an  arbitrary  constant     However,  when  the 

eference  are  chosen,  any  point  on  this  surface  corresponds 

;e  condition  of  the  substance,  and  as  the  co-ordinates  of  the 

)8ent  the  volume,  entropy,  and  internal  energy  of  the  mass, 

;hat  any  plane  perpendicular  to  the  axis  of  volume  cuts  the 

a  lino  of  constant  volume  or  isometric  curve.     Similarly  the 

and  isodynamics  are  the  curves  in  which  the  surface  is  cut 

perpendicular  to  the  axes  of  entropy  and  energy  respectively. 

ms  of  lines  still  remain  for   representation,  viz.   the  iso- 

nd  the  isopiestics,  and  these  can  be  very  simply  obtained 

onditions 

/dV\ 
Kd^)r  "''' 


/dU\ 


* 


/(r,  if>)  be  the  equation  of  the  surface,  then  if  t;  be  regarded 
.nt,  the  relation  between  U  and  <^  will  be  the  equation  of  the 

U 


FiK.  2-27, 


jurve  in  which  the  surface  is  cut  by  a  plane  perpendicular 
of  volume,  and  if  a  tangent  line  be  drawn  to  this  curve  at 
the  trigonometrical  tangent  of  the  inclination  of  this  line  to 

'  entropy  will  he  (7^)  •      Hence  if  we  refer  to  this  as  the 

curve  at  the  jx)int  in  question,  we  can  say  that  the  tempera- 
ly  point  P  (Fig.  227)  is  measured  by  the  slope  of  the 
massing  through  that  point,  and  in  the  same  way  the  pressure 
d  by  the  slope  of  the  isentropic. 

)thermal  curves  on  the  model  are  consequently  such  that  if 
line  be  drawn  to  the  surface  at  any  point  of  one  of  them. 
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and  in  such  a  direction  that  it  is  perpendicular  to  the  axis  of  volume, 

then  the  inclination  of  this  line  to  the  axis  of  entropy  is  the  same  at 

all  points  of  the  isothermal  curve.     The  whole  system  of  such  tangent 

lines  to  any  isothermal  forms  a  system  of  lines,  or  a  cylinder  of  rajs, 

parallel  to  a  line  in  the  plane  <^U,  and  this  cylinder  obviously  has 

ring -contact    with    the    surface,    the    curve    of    contact    being  the 

Theiso-  isothermal   curve.       Hence   we    are   led    to    Maxwell's^    method  of 

thermals  representing  the  isothermal   curves  on   this  surface,   viz.    place  the 

piestics.  model   in   the   sunshine    and   turn    it   so   that    the   sun's   rays  are 

parallel  to  the  plane  of  entropy  and  energy,  and  make  an  angle  with 

the  axis  of  entropy  whose  tangent  is  proportional  to  the  temperature. 

Then  if  we  trace  on  the  surface  the  boundary  of  light  and  shadow  the 

temperature  at  all  points  of  this  line  will  be  the  same. 

Similarly  the  lines  of  constant  pressure  are  found  by  drawing 
tangent  lines  to  the  surface  in  such  a  direction  that  they  all  are 
parallel  to  the  plane  of  energy  and  volume,  and  make  an  angle  with 
the  axis  of  volume  whose  trigonometrical  tangent  measures  the  pres- 
sure. This  system  of  parallel  lines  forms  a  cylinder  whose  line  of 
contact  with  the  surface  is  an  isopiestic. 

Of  the  various  parts  of  a  complete  thermodynamic  model  one 
region  consists  of  points  which  refer  to  the  body  when  altogether  in 
the  solid  state,  another  to  the  liquid  condition,  and  a  third  to  the 
gaseous.  Besides  these  three  parts  of  the  surface  there  are  other 
Surface  tracts  which  refer  to  the  body  when  it  is  changing  state  and  exists  as 
tnicts.  g^  mixture  of  the  solid  and  liquid,  or  liquid  and  vapour,  or  solid  and 
vapour,  or  finally  as  a  mixture  of  the  three  states — solid,  liquid,  and 
vapour.  We  shall  now  consider  the  general  character  of  these  various 
parts,  and  for  the  sake  of  brevity  we  shall  refer  to  those  portions 
which  represent  the  solid,  liquid,  and  vapour  as  the  parts  S,  L,  and  V 
of  the  surface  respectively,  while  we  shall  refer  to  that  portion  which 
represents  a  mixture  of  solid  and  liquid  as  the  part  SL,  to  that  which 
represents  the  mixture  of  liquid  and  vapour  as  LV,  to  that  represent- 
ing the  solid  and  vapour  as  SA\  and  to  that  representing  a  mixture  of 
all  three  states  as  8LV. 

Every  point  on  the  part  S  represents  a  definite  condition  of  the 
body  when  altogether  in  the  solid  state,  and  this  portion  is  lx>unded 
partly  by  a  line  at  every  point  of  Avhich  fusion  is  about  to  occur,  and 
partly  by  a  line  at  each  point  of  which  the  substance  is  about  to 
sublime.  The  portion  S  may  not,  however,  be  completely  enclosed 
by  these  lines,  for  if  anything  like  continuity  of  sUite  exists  between 
the  liquid   and   solid   conditions,   such  as   Andrews   proved   to  exist 

^  J.  C.  Maxwell,  T he  or y  of  U cat. 
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tween  the  liquid  and  gaseous,  then  the  part  S  will  be  united  to  the 
rt  L  of  the  surface  by  a  neck  or  isthmus  in  which  no  discontinuity 
curvature  exists. 

Similarly  the  portion  L  of  the  surface  will  be  bounded  partly  by  a 
16  along  which  solidification  is  about  to  take  place,  and  partly  by  a 
16  at  every  point  of  which  the  substance  is  about  to  vaporise.  These 
ro  lines  do  not  completely  enclose  L,  for  in  one  region  this  part  forms 
continuation  of  the  portion  Y  which  represents  the  condition  of  the 
bstanoe  when  it  is  completely  vaporised,  in  accordance  with  the 
rperiments  of  Andrews.     The  part  L  is  thus  imited  to  V  by  a  neck 

8ur£Gu;e  presenting  no  discontinuity,  so  that  through  this  neck  V 
ay  be  regarded  as  a  continuation  of  L,  and  it  is  probable  that  it  is 
lited  to  S  by  a  similar  neck,  and  that  Y  is  united  to  S  in  the  same 
ay. 

The  regions  between  S,  L,  and  V  are  filled  up  by  those  parts  of 
16  surface  (SL,  LV,  etc.)  which  represent  the  condition  of  the  sub- 
ance  when  changing  state.  The  portion  LV  stretches  from  the  fringe 
L  to  the  fringe  of  Y,  and  its  lines  of  junction  with  L  and  Y  are  the 
les  already  referred  to,  along  one  of  which  vaporisation  is  about  to 
)gin,  and  on  the  other  of  which  it  is  completed.  These  two  lines  form 
hat  we  shall  call  the  LY  couple^  and  along  these  lines  the  curvature  of  The  node 
le  surface  suddenly  changes  so  that  they  form  lines  of  discontinuity  of  couples, 
irvature  on  the  surface  regarded  as  a  whole.  For  the  sake  of  dis- 
nction  we  may  refer  to  these  two  lines  as  the  L  line  and  the  Y  line 
«pectively  of  the  LY  couple.  Similarly  the  part  of  the  surface 
hich  applies  to  the  change  of  state  from  solid  to  liquid  is  enclosed 
Y  a  pair  of  lines,  the  SL  couple,  while  the  part  representing  sublima- 
on  is  bounded  by  another  pair,  viz.  the  SY  couple. 

With  this  notation  we  can  say  that  to  any  point  A  on  the  L  line 
[  the  LY  couple  there  is  a  corresponding  point  B  on  the  Y  line  of 
le  same  couple.  At  A  vaporisation  under  certain  conditions  is  about 
)  begin,  and  at  B  it  is  completed.  Now  change  of  state  takes  place 
I  such  a  way  that  the  pressure  and  temperature  remain  the  same 
iroughout  the  operation,  and  consequently  the  plane  which  touches 
le  part  L  of  Gibbs's  model  at  the  point  A  also  touches  the  part  Y  at 
[le  point  B,  since  the  direction  of  this  plane  is  determined  by  p  and  r. 
'urther,  this  plane  touches  the  LY  tract  of  the  surface  all  along  the 
ne  AB,  for  at  every  point  of  this  line  the  pressure  and  temperature 
ave  the  same  values.  Thus,  if  a  plane  be  drawn  to  touch  L,  and  also 
>  touch  Y,  this  plane  will  have  line-contact  with  LV,  and  the  line  of 
intact  AB  (Fig.  228)  will  be  such  that  any  point  P  on  it  represents 
definite  mixture  of  the  liquid  and  vapour,  and  the  point  P  divides 
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AB  into  segments  such  that  P  is  the  centre  of  gravity  of  the  liquid 
portion  of  the  mass  placed  at  A  and  the  gaseous  portion  placed  at  B 
Develop-  As  A  moves  along  the  L  line  of  the  LY  couple  B  moves  along  tbe 

«biB  Bhe*t8.  y  iine_  and  the  line  AB  sweeps  out  the  LV  part  of  the  Burfaco.  This 
part  of  the  surface  is  a  portion  of  what  is  called  a  developable  surfsct, 
and  may  be  regarded  as  developed  in  the  following  manner.  Lett 
tangent  plane  be  drawn  to  touch  both  L  and  V  (this  will  be  a  donble 
tangent  plane),  and  let  this  plane  roll  on  L  and  V,  maintaining  conUct 
with  both,  then  this  plane  as  it  passes  through  its  consecutive  poaitiau 
will  envelop  a  developable  surface,  viz.  the  surface  LV, 

Similar  remarks  apply  to  the  tracts  which  represent  the  mixtnrK 
of  solid  and  liquid  and  solid  and  vapour.  Eacli  of  these  tracts 
(Fig.  228)  is  a  developable  surface,  the  tangent  plane  touches  it  along 


a  line,  ;iiid  any  point  on  one  of  them  represents  a  definite  mixture  of 
two  states  in  the  manner  already  described. 

Finally,  there  is  a  |X)rLion  of  the  surface  ithich  possesses  no  eurv 
atut'e.  This  portion  is  a  plane  triangle  and  corresponds  to  tbe  triple 
point  (Art.  353),  or  that  condition  in  which  the  subsbuice  can  exisi 
simultaneously  in  tiie  solid,  liijuiil,  and  {jaseous  states.  For  if  s 
plane  be  drawn  to  touch  S  and  also  to  touch  L,  then  as  this  plane  rolls 
on  S  and  L,  it  is  [jossible  that  in  one  position  it  may  also  come  into 
contact  with  V.  In  this  position  the  three  points  of  contact  will  form  :> 
plane  triangle  ISLV  (Fig.  :J2t<)  such  that  it*  vertices  are  jKiints  which 
represent  conditions  of  the  substance,  at  one  of  which  it  is  altt^ether 
solid,  at  another  lir]nid,  and  at  the  third  vapour.  Anj'  point  on  one 
side  of  this  iri.ui^'lc  represents  a  defiiiite  mixture  of  solid  and  liijuid 
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any  point  on  another  liquid  and  vapour,  and  any  point  on  the  third 
solid  and  vapour,  whereas  any  point  within  the  triangle  represents  a 
definite  mixture  qf  the  three  states,  such  that  the  point  in  question  is 
the  centre  of  gravity  of  the  masses  of  solid,  liquid,  and  vapour  placed 
at  the  corresponding  vertices  of  the  triangle. 

The  plane  of  this  triangle  might  be  supposed  to  start  rolling  on 
any  pair  of  the  parts  S,  L,  V,  so  that  if  it  begins  to  roll  round  a 
certain  side  of  the  triangle  it  will  generate  the  SL  developable  region, 
starting  round  another  edge  it  will  develop  the  LV  region,  and  round 
the  third  the  SV  region.  However,  as  the  two  lines  of  the  LV  couple 
approach  each  other  and  ultimately  unite  so  as  to  form  a  continuous 
curve  (Andrews),  it  follows  that  as  the  tangent  plane  rolls  on  L  and 
V,  the  points  of  contact  A  and  B  approach  each  other  and  ultimately 
coincide  at  a  point  C  where  the  two  lines  of  the  LV  couple  unite. 
The  point  C  (Fig.  228)  is  the  critical  point  for  the  fluid  state,  and  if 
the  tangent  plane  be  allowed  to  roll  beyond  this  point  it  will  touch 
the  surface  in  a  single  point.  The  substance  is  here  homogeneous  and 
belongs  to  the  neck  of  continuity  connecting  L  and  V. 

Similar  remarks  apply  to  the  SL  couple  and  the  SV  couple,  and 
if  the  lines  of  these  couples  unite  so  that  each  couple  forms  a  con- 
tinuous curve,  then  the  points  of  junction  are  the  critical  points  for 
the  SL  and  SV  conditions.  Fiuther,  the  vertices  of  the  triangle 
formed  by  the  points  of  contact  of  the  triple  tangent  plane  SLV  are 
points  at  which  the  substance  is  all  solid,  all  liquid,  and  all  vapour 
respectively,  and  they  are  consequently  points  in  which  the  lines  of 
the  three  couples  meet  in  pairs.  Thus  the  S  line  of  the  SL  couple 
and  the  S  line  of  the  SV  couple  intersect  at  one  vertex,  and  the 
other  corresponding  pairs  of  lines  intersect  at  the  other  vertices. 

864.  Surface  of  Stability. — When  any  thermodynamic  model  is 
constructed  with  three  chosen  co-ordinates  the  values  of  any  pair  may 
be  chosen  arbitrarily,  but  when  these  are  given  the  value  of  the  third 
is  completely  determined.  It  may  happen  that  for  given  values  of  two 
there  may  be  more  than  one  corresponding  vahie  of  the  third,  but  in 
this  case  the  corresponding  values  of  the  third  are  perfectly  definite, 
otherwise  all  consideration  of  the  surface  would  be  illusory.  The 
points  of  any  such  surface  consequently  represent  all  conditions  of  the 
substance  which  are  possible  and  consistent  with  equilibrium.  To  fix 
our  ideas  let  us  suppose  that  the  quantities  p,  i\  r  are  taken  as  co- 
ordinates, then  when  values  of  p  and  v  are  chosen  corresponding  to 
any  point  in  the  plane  pv  we  say  that  there  is  some  value  (or  values) 
of  T  corresponding  to  eqiiilibrium,  and  by  erecting  a  perpendicular  to 
the  plane  pv  at  the  point  in  question,  and  measuring  off  a  length  which 


792  THEORY  OF  HEAT  chap,  tiii 

represents  this  temperature,  a  definite  point  is  obtained,  which  is  a 
point  on  the  surface  of  the  model.  Now  when  we  say  that  to  given 
values  of  p  and  v  there  is  a  corresponding  value  of  t,  we  merely  state 
that  there  is  a  definite  condition  p^  r,  r  of  the  substance,  in  which  it  k 
in  equilibrium,  or  that  when  the  pressure  and  volume  have  values  ;> 
and  V  then  the  temperature  must  have  a  certain  value  r  and  no  other. 
For  given  values  of  p  and  v  and  a  varying  value  of  t  the  point  ^,  f,  t 
is  constrained  to  move  along  a  right  line  perpendicular  to  the  plane /^r, 
and  the  point  (or  points)  where  this  line  meets  the  surface  of  the 
model  is  the  point  which  represents  the  condition  of  equilibrium  of 
the  substance  when  its  pressure  is  p  and  its  volume  t;.  If  the  sub- 
stance were  supposed  to  be  in  a  state  represented  by  any  other  point 
on  this  line  equilibrium  would  not  exist  until  the  point  moved  to  the 
surface. 

The  surface  described  in  the  preceding  article,  or  a  corresponding 
surface  constructed  with  other  co-ordinates,  is  such  that  the  condition 
of  the  substance  at  every  point  of  it  is  one  of  stable  equilibrium,  and 
it  may  be  regarded  as  the  surface  of  stability.  If  the  condition  of  the 
substance  be  imagined  to  be  represented  by  any  point  in  the  space 
inside  or  outside  the  sui-face,  this  condition  will  not  be  one  of  equi- 
librium, or  if  the  substance  happened  to  exist  in  such  a  state  the 
equilibrium  in  this  state  would  be  unstable.  Such  cases  of  unstable 
equilibrium  are  presented  in  superheated  globules  of  liquids  and 
supersaturated  solutions  of  salts,  or  over-cooled  liquids  and  vapours, 
and  the  points  representing  them  will  not  lie  on  the  model  we  have 
constnicted,  but  will  constitute  a  locus  outside  the  surface  of  the  model 
similar  to  the  theoretic  part  of  the  isothermal  line  conceived  by  Pro- 
fessor James  Thomson  (BMND,  Fig.  147).  The  substance  at  any 
point  of  this  line  is  in  unstable  equilibrium,  and  if  disturbed  will 
rapidly  change  its  condition  till  the  indicator  point  reaches  the  line  of 
stability  BD.  Thus  we  might  imagine  the  portions  S,  L,  Y  of  the 
thermodynamic  model  to  be  parts  of  one  continuous  surface  so  as  to 
be  united,  not  by  the  developable  sheets  SL,  LV,  SV  already  described, 
but  by  portions  similar  to  the  James  Thomson  part  of  the  isothermal 
BMXD  (Fig.  147).  These  new  tracts,  together  with  the  portions 
8,  L,  V,  constitute  one  continuous  surface  which  exhibits  no  discon- 
tinuity of  curvature  along  the  line  couples  SL,  LV,  and  SV  ;  but  the 
points  of  these  tracts,  although  they  represent  conditions  of  equilibrium 
which  may  be  realised  under  certain  circumstances,  are  nevertheless 
states  of  unstable  equilil>rium.^ 

^  Tlie  e<|uilihrium  of  a  system  may  be  stable  for  very  small  disturbances  and  un- 
stable for  dis}>lacements  of  any  considerable  magnitude — that  is,  equilibrium  may 
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Thus  the  portions  S,  L,  V  of  the  model,  together  with  the  develop- 
able sheets  SL,  LY,  and  VS,  represent  all  possible  conditions  of  stable 
equilibrium,  from  the  very  manner  in  which  they  are  constructed,  and 
all  other  points  of  space  represent  conditions  (a)  in  which  change  is 
taking  place,  or  (P)  in  which,  if  equilibrium  exists,  it  is  essentially 
unstable. 

In  the  case  of  an  isolated  body,  or  system,  thermal  and  mechanical 
equilibrium*  must  always  be  established  diu'ing  any  spontaneous  changes 
in  such  a  way  that  the  point  representing  the  state  of  the  system 
moves  in  a  plane  perpendicular  to  the  axis  of  energy,  for  since  the 
system  is  isolated  its  energy  must  remain  constant  (the  term  energy 
here  including  all  forms  under  which  it  appears  in  the  system). 
Hence  if  a  body,  or  system,  be  left  to  itself — that  is,  if  it  neither  gives 
energy  to,  nor  receives  energy  from,  other  bodies — then  the  path  Isolated 
described  by  the  system  in  passing  from  one  condition  to  another  must  ^^  ™* 
be  an  isodynamic  line.  This  line  may  lie  on  the  surface  of  the  model, 
or  it  may  not,  but  if  the  initial  and  final  conditions  are  states  of  equili- 
brium, the  extremities  of  the  line  must  be  situated  on  the  surface, 
whereas  if  the  whole  line  lies  on  the  surface  every  state  passed  through 
during  the  transformation  is  one  of  equilibrium,  and  the  path  is  an 
equilibrium  paih. 

Hence,  as  far  as  considerations  of  energy  alone  guide  us,  the  system 
msLy  pass  of  itself  from  any  condition  A  to  any  other  B,  if  A  and  B 
are  on  the  same  isodynamic  line,  but  thermal  equilibrium  is  always 
established  by  conduction  of  heat  from  the  warmer  to  the  colder  parts 
of  the  system,  and  this  entails  an  increase  of  entropy,  so  that  the 
system  cannot  pass  of  itself  from  A  to  B,  even  though  these  points  are 
on  the  same  isodynamic  line,  unless  the  entropy  at  B  is  greater  than 
the  entropy  at  A.  This  consideration  consequently  determines  the 
direction  in  which  the  transformation  must  take  place,  viz.  in  the 
direction  of  increasing  entropy. 

In  reasoning  about  a  system  passing  from  one  condition  to  another 
"of  itself"  it  is  all-important  to  attach  a  definite  meaning  to  the 
expression,  and  if  it  is  to  have  any  just  signification  it  should  mean 
that  during  the  transformation  it  is  isolated  from  other  systems,  and 
consequently  neither  receives  nor  parts  with  energy.  Now  the  whole 
energy  of  a  system  may  be  allocated  under  several  heads,  such  as  the 

exist  and  will  not  be  broken  by  disturbances  below  a  certain  limit.  It  is  the  exist- 
ence of  such  a  limit  that  renders  i>ossible  the  existence  of  those  states  which  we  tenn 
unstable,  such  as  superheated  drops  or  supersaturated  vapours,  and  it  is  probably 
determined  by  such  magnitudes  as  the  size  of  a  molecule,  and  the  distance  through 
which  molecular  forces  are  sensible. 
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vis  viva  of  its  constituent  masses,  the  molecular  energy  which  in  part 
constitutes  the  sensible  heat  of  the  body,  and  the  so-called  potential 
Partition  energy  which  depends  on  its  configuration,  etc.  The  mode  or  portion 
energy.  ^^  ^^®  whole  energy  with  regard  to  these  various  constituents  probably 
determines  whether  the  condition  of  the  system  is  one  of  equilibrium, 
and  also  whether  the  equilibrium  is  stable  or  unstable.  Thus  when 
a  system  is  in  stable  equilibrium  the  energy  is  probably  divided  in 
such  a  way  that  an  average  is  struck  between  kinetic  and  potential,  as 
in  the  case  of  a  vibrating  elastic  solid  in  which  the  energy  is  half 
kinetic  and  half  potential.  If,  however,  the  energy  happens  to  be  dis- 
tributed in  any  other  manner  so  that  the  portion  existing  in  one 
department  is  too  small,  while  that  in  another  is  too  great,  as  com- 
pared with  this  average,  then  the  equilibrium,  if  it  exists  under  such 
conditions,  will  be  unstable. 

Some  such  partition  of  the  energy  as  this  would  appear  to  exist  in 
those  unstable  conditions  of  superheated  liquid  globules,  etc.,  which 
are  represented  by  the  James  Thomson  part  of  the  isothermal  (Fig. 
147).  Thus  at  a  point  M  the  temperature  is  too  high  for  the 
conditions  of  pressure  and  volume  under  which  the  substance  exists 
— that  is,  too  large  a  share  of  the  energy  is  apportioned  to  the  sen- 
sible heat  department,  and  the  explosion  of  the  globule  to  a  condition 
on  the  line  BD  is  merely  the  result  of  the  redistribution  of  the 
energy  in  the  average  manner.  Similarly  at  N  the  temperature  is  too 
low,  and  too  small  a  portion  of  the  energy  exists  as  sensible  heat.  At 
this  point  the  vapour  is  over-cooled,  and  collapse  takes  place  until  the 
sensible  heat  has  obtained  its  proper  share. 

According  to  this  view,  then,  a  condition  of  stable  equilibrium  of  a 
substance  is  one  in  which  the  whole  energy  is  divided  into  its  several 
constituents  in  such  a  way  that  some  average  is  stnick  in  its  partition, 
and  all  the  states  of  stable  equilibrium  are  represented  by  the  surface 
of  the  model  which  consists  of  parts  8,  L,  V,  referring  to  the  condition 
of  the  substance  when  homogeneous  throughout,  together  with  three 
developable  tracts  SL,  1A\  VS,  and  the  plane  triangle  SLV,  referring 
to  conditions  of  heterogeneity  in  which  the  substance  exists  in  two  or 
three  different  states  simulUmeously.  On  this  surface  there  is  a  dis- 
continuity of  curvature  where  S,  L,  V  join  the  developable  sheets,  but 
the  surface  may  be  made  continuous  if  the  energy  is  apportioned 
among  its  several  constituents  in  a  different  manner.  The  parts  S,  L,  ^ 
can  thus  be  joined  by  sheets  SL,  LV,  VS,  which  form,  with  S,  L,  V,  a 
continuous  surface  exhibiting  no  discontinuity  of  curvature,  but  the 
points  of  these  new  sheets  correspond  to  a  partition  of  energy  which 
is  inconsistent  with  stabilitv. 
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In  conclusion,  we  give  the  following  example  (after  Professor  Gibbs)  in  illustration 
of  the  manner  in  which  the  model  may  be  employed  in  the  deduction  of  thermo- 
dynamic formulse.  Let  L  and  V  (Fig.  229)  be  two  corre- 
sponding points  on  the  LV  couple — at  L  the  substance  is  A' 
entirely  liquid,  and  at  V  it  is  all  vapour,  the  change  of 
state  taking  place  along  the  line  LV.  Through  L  and  A 
V  draw  planes  |ierpcndicular  to  the  axes  of  volume  and 
entropy  respectively.  These  planes  will  meet  in  a  line  AB 
parallel  to  the  axis  of  energy.  Further,  let  the  tangent 
plane  to  the  surface  along  the  line  LV  be  ALV,  and  let 
A'LV  be  the  consecutive  tangent  plane.  Then  if  LB  and 
VC  be  drawn  perpendicular  to  AB,  these  lines  will  be 
parallel  to  the  axes  of  <t>  ^^^^  ^  respectively.  But  since  ^ 
p  and  r  are  represented  in  the  manner  already  described  B 
(p.  784)  it  follows  that 


therefore 


and  consequently 


A(^  ,        AB 

^=CV'     *°'^''=BL' 

rfp=^,y,    and<ir=p-j-, 

r/p  _  BL  __  02  -  ^1 
rfr~CV"  fo-r,' 


Fig.  221). 


Bat  ^  -  ^  is  the  change  of  entropy,  is  passing  from  L  to  V ,  and  is  consequently 
equal  to  L/r  where  L  is  the  latent  heat  of  vaporisation,  so  that  we  have  the  funda- 
mental equation 

dp  ^Ij__ 

dr    T(i'2-t?i)* 


SECTION  vm 

ON  THE  ABSOLUTS  SGALB  OF  TXBfPKRATUBB 

866.  IntroduetioiL — ^Th^  idea  of  an  absolute  scale  of  temperalwe^ 
independent  of  the  properties  of  any  particular  sabetance^  has  been 
briefly  introduced  in  Art  331,  and  this  scale  must  be  oaiefolly  dit- 
tinguished  from  any  other  founded  arbitrarily  on  the  eflTects  of  heit 
on  a  property  of  some  particular  substance  chosen  f<Hr  the  sake  of  con- 
venience.  In  the  scale  of  temperature  proposed  in  Art.  17,  eqinl 
differences  of  temperature  are  measured  by  equal  inorements  of  Tohniie 
of  a  fluid  enclosed  in  a  glass  measuring-fladc,  and  the  number  rqve- 
senting  the  temperature  of  a  body  on  such  an  instrument  will  dqMod 
on  the  nature  of  the  particular  fluid  employed.  Each  fluid  will  famuli 
a  scale  possessing  a  zero  determined  by  the  minimum  volume  of  the 
fluid,  and  the  scales  furnished  by  different  instruments  will  agree 
neither  in  their  zero  nor  throughout  their  length.  For  this  reason 
some  particular  substance  had  to  be  chosen  for  the  construction  of  a 
standard  thermometer,  and  for  this  purpose  a  permanent  gas  was  found 
to  possess  special  advantages. 

On  the  other  hand,  the  system  of  thermometry,  proposed  by  Lord 
Kelvin  from  thermodynamic  considerations  (Art.  331),  is  independent 
of  the  properties  of  any  substance  (and  in  this  sense  absolute),  and  we 
have  seen  that  if  we  possessed  a  substance  which  rigorously  obeyed 
the  laws  of  a  perfect  gas,^  then  a  thermometer  constructed  with  this 
substance  so  as  to  measure  equal  changes  of  temperature  by  equal 
changes  of  volume  under  constant  pressure,  or  by  equal  changes  of 
pressure  at  constant  volume,  would  give  a  scale  such  that  the  ratio 
of  any  two  temperatures  on  it  (measured  from  the  zero  of  the  instru- 
ment) is  equal  to  the  ratio  of  the  quantities  of  heat  taken  in  and  ejected 
by  a  perfect  thermodynamic  engine  working  between  these  limits  of 
temperature.    Consequently,  if  we  possessed  a  substance  which  behaved 

*  That  is  Boyle's  law,  and  has  R  constant  and  7  constant,  or  the  two  8i)ecific 
heats  constant. 

1<h^ 
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A  a  so-called  perfect  gas  even  for  some  limited  range  of  temperature, 
hen  by  constructing  a  thermometer  with  this  substance  and  graduating 
t  within  this  range  into  degrees  of  any  arbitrary  length,  the  scale 
ould  be  extended  in  both  directions  outside  this  range,  and  the 
Kidtion  of  the  absolute  zero  of  temperature  could  be  determined. 

Thus  if  air  obeyed  the  gaseous  laws  rigorously  between  the  freezing 
K>int  and  the  boiling  point  of  water,  and  if  this  interval  of  temperature 
16  represented  by  100,  and  if  a  be  the  expansion  for  l"",  then  the 
.bsolute  temperature  of  the  freezing  point  would  be  l/o,  and  that  of 
he  boiling  point  100  +  l/o.  But  since  air  obeys  the  gaseous  laws 
nly  approximately  between  these  limits,  the  position  of  the  absolute 
ero  determined  from  the  expansion  of  air  in  this  manner  is  only 
pproximate,  and  its  true  position  can  be  determined  only  by  observing 
he  manner  in  which  air  deviates  from  these  laws.  When  this  has 
een  determined  the  corresponding  correction  can  be  applied  to  the 
revious  approximate  scale  of  the  air  thermometer,  and  the  instrument 
lay  be  graduated  according  to  the  absolute  scale. 

866.  First  Example. — Before  proceeding  to  the  description  of 
lie  experiments  by  which  Lord  Kelvin  and  Joule  determined  this 
>rrection,  and  reduced  the  indications  of  the  air  thermometer  to  the 
beolute  scale,  it  may  be  advantageous  to  mention  some  general  methods 
y  which  the  absolute  temperature  r  may  be  deduced  in  terms  of 
uantities  which  are  capable  of  being  determined  without  the  aid  of 
ny  previously-constructed  scale  of  temperature.  For  this  purpose  it 
\  evident  that  if  we  possess  any  thermodynamic  relation,  or  any 
qnation  involving  r  and  other  quantities  which  can  be  expressed  in 
)rms  of  p  and  v,  then  each  such  relation  furnishes  a  means  of  esti- 
lating  r  when  the  other  quantities  are  known. 

Thus,  for  example,  if  we  take  the  equation  of  Art.  350,  viz. — 

dr    t'o-r,  - 
■r  =     L    '^P' 

I  which  v^  and  r^  are  expressible  in  terms  of  p,  and  where  L  is  a 
uantity  of  heat  expressed  in  dynamical  units,  and  requires  for  its 
stimation  no  previously-constructed  scale  of  tempemture,  we  see  that 
is  here  expressed  in  terms  of  quantities  which  are  capable  of  measure- 
lent,  and  which  are  independent  of  all  methods  of  reckoning  tempera- 
ire.     Integrating  this  equation  we  obtiiin 


r" 


Po 


798  THEORY  OF  HEAT  chap,  nii 

and  consequently 


This  furnishes  the  absolute  temperature  corresponding  to  any  pressure 
(Vp  Vg,  and  L  being  expressible  in  terms  of  p)  of  the  mixture  of  liquid 
and  saturated  vapour,  and  the  same  pressure  will  correspond  to  some 
determinate  temperature  on  the  centigrade  scale,  or  any  other  scale, 
and  a  comparison  of  the  absolute  scale  with  any  other  may  be  effected. 

In  no  case,  however,  has  the  specific  volume  of  a  saturated  vapour 
been  determined  with  sufficient  accuracy  to  admit  of  the  graduation  of 
a  steam  thermometer  (Art  95)  in  this  manner,  and  the  foregoing 
equation  has  been  employed  so  far  rather  for  the  calculation  of  satu- 
rated vapour  densities  than  as  the  basis  of  a  system  of  absolute 
thermometry,  and  imtil  the  necessary  experimental  data  have  been 
obtained  with  much  greater  accuracy,  the  steam  thermometer  cannot 
compete  with  any  permanent  gas  thermometer  in  furnishing  an  approxi- 
mate estimation  of  temperature  on  the  absolute  scale. 

In  the  same  manner  we  might  have  employed  for  the  expression  of 
T  any  one  of  the  thermodynamic  relations  of  Art.  348,  or  any  other 
equation  involving  t,  and  quantities  which  can  be  measured  without 
reference  to  a  scale  of  temperature.  The  foregoing  is  the  case  of  the 
steam  thermometer,  and  the  substance  exists  simultaneously  in  two 
distinct  states.  When  the  state  is  uniform,  the  second  thermodynamic 
relation  may  be  applied,  and  the  latent  heat  of  isothermal  expansion 
replaces  the  latent  heiit  of  change  of  state. 

367.  Second  Example.  —  As  a  further  illustration  we  shall 
.sketch  another  instructive  example  cited  by  Lord  Kelvin.^  This 
includes  the  foregoing,  and  is  the  case  of  a  substance  subject  to  a 
stress  which  is  a  uniform  pressure  in  all  directions.  Thus  if  we 
take  p  and  r  for  independent  variables  in  the  equation 

we  have 

T'f(p=      dp  +  l    .    +p)dv  .         .         .         .        (1) 

dp  \  dv        I 

Consequently  the  equation  of  the  adiabatic  lines  traced  in  the  plane 
pv  must  be 


'  Art.  *'>I«?jit,"  Eiicii.  Brit.     Tliis  yKntion  of  the  article  deals  with  the  measure- 
ment of  temperature,  and  is  particularly  vif^orous. 
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we  know  dU/dp  and  dU/dv  for  all  values  of  j?  and  v,  then 

I  (2)  yields  the  value  of  dp/dv  at  any  point,  and  hence  we 

le  direction  at  this  point  of 

;ent  to  the  adiabatic  curve 

through  it.     By  passing  in 

*ection    to    the    consecutive 

4-  (^,  t;  +  dvy  the  direction  of 

'  tangent  may  be  found  in 

nner,  and  the  whole  curve 

tt.  may  be  traced.     Starting 

n  any  other   point  in   the 

QOther  adiabatic  curve  may 

d,  and  the  whole  family  of 

L>  ^  ^  etc.,  may  be  drawn 

ime  manner  (Fig.  230). 

'  equation  (1)  gives 


Fig.  280. 


dp 


IrfU 
r  dp' 


,d4>     l/dV^\ 


mtly  to  determine  t  we  have  either  of  the  equations 

__  dV  /d4> 


_dU/i 
"dpi 


dpi  dp 


(3) 


^\-dv^P)l 


[d^ 
dv 


(4) 


:  d<f>/dp  and  d<l>jdv  can  be  evaluated  for  all  values  of  p  and  r, 
her  of  the  equations  (3)  and  (4)  gives  t  explicitly  for  any 
ir  values  of  p  and  v. 

r  in  tracing  the  adiabatic  curves  as  above,  some  arbitrary  con- 
lue  of  <f>  was  attached  to  each  curve  of  the  system,  and  the  law 
!ng  the  variation  of  </>  in  passing  from  one  ciirve  of  the  system 
ler  cannot  be  ascertained  unless  we  know  more  than  U  as  a 
of  p  and  V,  The  only  other  relation  that  can  be  found  for 
3n  substance  before  a  scale  of  temperature  is  established  is  the 
connecting  p  and  v  at  constant  temperature,  and  this  may  be 
led  by  means  of  a  single  thermoscope  without  any  scale  of 
ture  attached. 

s  if  for  any  one  arbitrary  constant  temperature  Tq  the  iso- 
relation  between  p  and  r  is  p  =/(p),  then  by  (4)  we  have 


d<p    1  (dV      .,  ,  1 


dt     T„i.rfr 


•;5} 
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in  which  dUjdv  can  be  made  a  function  of  v  alone  by  means  of  the 
equation  p  =f(v).     Consequently  by  integration  of  (5)  we  find 

^  =  L|F(r)  +  f| (6. 

where  F{v)  is  a  known  function  of  r,  and  c  is  an  arbitrary  constant 
Hence  if  the  curve  p  =/(r)  be  traced  (MN,  Fig.  230),  it  will  cut  each  of 
the  family  of  adiabatics  previously  drawn,  and  if  the  points  of  intersec- 
tion with  any  pair  have  abscissae  t\  and  v^  the  difference  of  entropy 
on  the  corresponding  curves  will  be 

Thus  the  change  of  entropy  in  passing  from  one  curve  to  another  of 
the  family  of  adiabatics  is  expressed  in  terms  of  a  single  arbitrary  con- 
stant Tq,  and  when  <t>  is  known  in  this  manner  the  absolute  temperature 
is  furnished  explictly  as  a  function  of  p  and  v  by  either  of  the  equa- 
tions (3)  and  (4),  with  the  value  of  the  constant  Tq  alone  left  arbitrary. 

In  this  investigation  a  knowledge  of  the  isothermal  relation  con- 
necting p  and  V  for  a  single  temperature  is  required,  as  well  as  the 
value  of  U  -  Uq  for  every  value  of  p  and  v.  This  knowledge  may  be 
obtained  by  measurements  in  which  no  use  whatever  is  made  of  any 
scale  of  temperature,  and  although  we  do  not  possess  it  for  any  single 
substance,  vet  less  than  the  whole  of  it  suffices  for  the  constniction  of 
a  thermometer  graduated  according  to  the  absolute  scale.  For  this 
purpose  it  is  sufficient  to  know  t  for  all  values  of  p  and  r  when  they 
are  connected  by  any  condition  which  may  prove  convenient  in  prac- 
tice. For  example,  p  may  be  kept  constant,  and  we  shall  then  have  a 
constant-pressure  absolute  thermometer,  or  v  may  be  maintained  con- 
stant, and  if  we  possess  the  information  required  in  the  above  investi- 
gation under  this  condition,  we  shall  have  a  constant-volume  absolute 
thermometer. 

368.  The  Porous  Plug  Experiment.  —  The  investigation  pro 
posed  by  Lord  Kelvin  for  the  graduation  of  the  consUint-pressure  air 
thermometer  depends  in  principle  on  the  determination  of  the  heating 
or  cooling  efTect  produced  in  a  fluid  when  forced  through  a  porous  plug 
or  small  orifice.  When  a  fluid  is  forced  through  a  small  orifice  the  issuing 
jet  possesses  a  certain  ris  rim  which  gradually  subsides  at  some  distance 
from  the  orifice,  and  is  converted  into  heat  through  fluid  friction. 
Thus  if  Fig.  231  represents  a  tube  stopped  at  one  part  of  its  length  by 
a  diaphragm  j)ierced  by  a  small  orifice  (),  and  if  a  fluid  be  forced 
through  this  orifice  from  the  side  A  to  the  side  B  by  a  piston  M, 
which    is    urged    forward   by   a    pressure  />,  and   if    the    fluid,  as  ii 
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icapes  into  B,  pushes  another  piston  N  before  it  with  a  pressure  p'  \ 
len  if  M  and  N  move  with  the  same  velocity,^  the  kinetic  energy  of 
anslation  of  the  fluid  moving  towards  A  will  be  the  same  as  that 
lOving  away  from  it  when  we  consider  regions  removed  some  distance 
om  the  aperture.     Near  the  orifice,  however,  in  the  region  of  the 


T^ 


>    B 


Fig.  181. 

ipids,  the  ms  viva  of  the  escaping  jet  has  not  subsided,  and  a  large 
irt  of  the  internal  energy  of  the  fluid  exists  as  this  vis  viva  of  the 
lass.  It  might  reasonably  be  expected,  therefore,  that  near  the  orifice 
16  temperature  of  the  fluid  would  be  decidedly  lower  than  at  some 
[stance  from  the  orifice  where  the  vis  viva  of  the  issuing  jet  has  sub- 
ded  and  has  been  converted  into  heat. 

In  an  experiment  made  with  a  thermometer  held  near  an  orifice 
irough  which  air  was  escaping  under  a  pressure  of  about  8  atmos., 
oule  and  Thomson  foimd  a  depression  of  temperature  amounting  to 
3''*42  C.  At  a  distance  from  the  orifice,  however,  in  the  region  of 
le  tube  where  the  motion  has  subsided  into  a  uniform  flow,  the  tem- 
erature  of  the  stream  on  the  side  B  may  be  either  higher  or  lower 
lan  that  on  the  side  A,  according  to  the  natiire  of  the  escaping  fluid. 
Thus  if  U  be  the  internal  energy  per  unit  mass  on  the  side  A,  and 
and  V  the  pressure  and  volume,  while  U',  p\  v  refer  to  the  side  B, 
ben  the  decrease  of  internal  energy  is  U  -  U',  and  if  no  heat  is  sup- 
ilied  from  without  during  the  operation,  Le,  if  the  tube  and  pistons 
re  non-conductors,  then  U  -  U'  must  be  equal  to  the  work  done  by 
he  fluid.  Now  in  the  compartment  B  the  work  done  by  unit  mass 
if  the  fluid  in  pushing  forward  the  piston  N  is  joV,  and  similarly,  on 
he  other  side,  the  work  done  on  the  fluid  per  unit  mass  by  the  piston 
if  is  ipv.     Consequently  we  have 

U-U'=^/r'-;?r, 

hat  is 

U+;7r  =  U'+/r' 


r  the  quantity  U  +  2?t?  is  the  same  before  and  after  transit.  Conse- 
[uently  if  the  product  ^  has  not  changed  we  must  have  U  =  U',  and 
\  the  internal  energy  depends  only  on  the  temperature,  then  the  tem- 
perature of  the  stream  leaving  the  diaphragm  will  l)e  the  same  as  that 

^  In  the  case  of  compressible  fluids,  this  can  l>e  arranged  )>y  making  the  diameter 
f  the  tube  on  the  side  B  larger  than  that  on  the  side  A. 
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approaching  it.  Hence  if  the  temperature  is  found  to  be  the  same  on 
both  sides,  and  if  the  fiuid  obeys  Boyle's  law,  it  foUows  that  U  =  U', 
even  though  the  pressure  and  specific  volume  vary,  and  hence  the 
internal  energy  must  be  a  function  of  the  temperature  only.  Bat  if 
the  temperature  changes  in  passing  from  one  side  to  the  other,  then  it 
follows  that  U  must  depend  on  p  and  v  as  well  as  on  the  temperature ; 
or,  in  other  words,  Mayer's  hypothesis  (p.  287)  will  not  be  true.  We  have 
here,  then,  a  test  of  the  applicability  of  this  hypothesis  to  the  permanent 
gases  which  is  very  much  more  delicate  than  the  calorimetric  method 
adopted  by  Joule  as  explained  in  Art.  158.  We  must,  however,  give 
due  allowance  for  deviations  from  Boyle's  law,  and  the  forcing 
remarks  are  made  on  the  supposition  that  this  law  is  obeyed. 

If,  however,  the  product  pv  decreases  as  the  pressure  increases  (as 
is  the  case  up  to  a  certain  limit  with  all  substances  as  shown  by  M. 
Amagat's  experiments,  Art  248),  then  on  the  high  pressure  side  of 
the  diaphragm  the  internal  energy  will  be  less  than  on  the  low  pressure 
side  by  an  amount  U  -  U'  =  pV  -  pv^  and  we  should  consequently  expect 
a  cooling  effect,  even  though  Mayer's  hypothesis  were  obeyed.  On  the 
other  hand,  if  pv  increases  with  the  pressure,  as  happens  in  the  case  of 
hydrogen  and  all  other  gases  beyond  a  certain  limit,  then  U'  will  be 
greater  than  U  by  an  amount  pv-p'v\  and  there  will  be  a  heating 
effect.  Hence  if  there  is  any  vestige  of  molecular  attraction  in  opera- 
tion in  the  gas,  mere  expansion  (without  external  work)  will  produce 
cooling,  and  there  will  be  a  corresponding  difference  of  temperature 
on  the  two  sides  of  the  diaphragm,  and  this  will  be  added  to  tlie  cool- 
ing effect  pv  -  pv  produced  by  external  work  in  consequence  of  devia- 
tions from  Boyle's  law.  On  the  other  hand,  the  cooling  effect  arising 
from  expansion  under  molecular  forces  will  be  diminished  by  the  heat- 
ing effect  arising  from  decrease  of  pv  under  decreased  pressure  in  the 
case  of  hydrogen  and  substances  in  a  similar  state. 

The  whole  heating  or  cooling  effect  observed  in  any  case  in  such  an 
experiment  will  consequently  be  the  algebraic  sum  of  the  effects  arising 
from  two  different  causes  ;  but  if  the  deviations  from  Boyle's  law  are  so 
small  as  to  be  uiiobservable  within  the  limits  of  experimental  error, 
the  whole  effect  may  be  attributed  to  the  expansion  under  molecular 
forces,  and  will  consequently  be  a  measure  of  the  deviation  from 
Mayer's  hypothesis. 

In  the  experiments  conducted  by  Joule  and  liOrd  Kelvin  ^  the  gas 
under  examination  was  passed  at  a  slow  uniform  rate  through  a  long 
copper  spiral  tube  immersed  in  a  bath  which  was  consUmtly  stirred 

^  r?tiL  Ma(j.,  4th  series,  vol.  iv.,  18r>2  ;  PAiV.    Travis.,  IS.'iS,  1854,  1862;  Joule's 
Scientific  Fifjurs,  vol.  ii. 
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.  at  a  uniform  temperature.    To  the  upright  end,  aa  (Fig  232), 

x>pper  pipe  a  short  tube  of  boxwood,  bb,  was  secured,  and  in 

wood  piece  a  plug  of  cotton-wool  (or  Slamonts  of  silk  when 

iaam:«8  were  used)  was  fixed  by  means  of  two  perforated  brass 

tiown  as  dotted  lines  at  the  extremities  of  the  plug.     This 

9  2'72  inches  long  and  15  inch  diameter.     A  tin  can,  d,  filled 

ton-wool,  was  attached  to  the  brass  casting  aa,  and  served  to 

e  water  of  the  bath  from 

in  contact  with  the  boxwood 

dosing  the  plug.     A  thcr- 

r   was   placed   in   the   exit 

th  its  bulb  at  a  short  die- 

x>ve  the  plug,  and  in  order 

lit  of   the   reading  of   the 

lure  this  part  of  the  tube 

made  of  glass. 

»ng  the  difficulties  met  with 

this    investigation   was   the 

ion    of    temperature    which 

1    when    the    stopcock    was 

in  order  to  allow  the  gas  to  =_ 

'ongh  the  tube.     This  arose  ~ 

e  initial  adiabatic  expansion 

gas  and  the  compi'ession  of     - 

n  the  tube,  and  although  this     _ 

iDce  soon  ceased  on  account  _  _ 

itream  of  gaa  being  in  con-  ~~ 

h  the  good  conducting  copper  — 

till  furtlier  fluctuations  were    — 

d  by  its  contact  with  the     — 

of     the    badly -conducting  Kit:. -jm. 

d  piece  enclosing  the  plug. 

ect  lasted  for  a  much  longer  time,  and  it  was  necessary  to  allow 
un  to  flow  through  the  plug  for  a  considerable  period  (one  hour 
he  result  could  be  depended  on)  before  any  observations  were 
1.     The   cooling  effect  was   besides  exaggerated   at   first   on 

of  the  necessary  drying  of  the  material  of  the  plug  by  the 
of  gas,  and  oscillations  of  temperature  were  caused  by  the  inter- 
action of  the  pump  (causing  adiabatic  expansion  or  compression), 

it  was  very  necessary  to  secure  as  uniform  a  flow  as  possible. 
■,  after  iHisding  through  the  plug,  if  there  is  any  change  of 
iture  there  will  be  conduction  of  heat  through  the  walls  of  the 
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tnbe,  and  a  correctioD  in  this  rcflpect  becomes  neceseuy.  Thu  conw- 
tion  wu  determined  by  an  experiment  ip  vbicfa  the  difibnoce  d 
tempenture  between  the  gu  and  the  bath  was  large,  and  it  wu  fooad 


'to  be  directly  proportionHl  to  the  difference  of  temperature,  and  in- 
versely proportioiiHl  to  tlie  quantity  of  gaa  transmitted  in  a  given  time. 
In  the  experiments  at  high  temperatures,  however,  it  was  found 
necessary  to  increase  the  length  of  the  copper  spiral  in  order  to  make 
certain  that  the  gas  acquired  the  temperatiire  of  the  bath.  With  air 
and  carbon  dioxide,  which  could  be  obtained  in  large  quantities,  the 
delay  occasioned  by  the  initial  fluctuations  of  temperature  caused  no 
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trious  difficulty,  and  the  nozzle  depicted  in  Fig.  232  was  considered 
le  best.  In  the  case  of  hydrogen,  which  could  be  obtained  only  in  a 
oiited  supply,  the  nozzle  was  altered  as  shown  in  Fig.  233.  The  plug 
was  enclosed  in  a  short  piece  of  india-rubber  tubing,  and  a  cork  tube, 
was  placed  within  the  copper  tubing,  in  order  to  protect  the  bulb  of 
le  thermometer  from  the  effects  of  a  too  rapid  conduction  of  heat 
om  the  bath,  and  cotton-wool  was  loosely  packed  round  the  bulb  so 
i  to  distribute  the  current  of  gas  as  evenly  as  possible.  The  top  of 
le  glass  tube  n  was  attached  to  a  metallic  tube  II,  which  carried  the 
IS  to  a  reservoir  in  which  it  was  preserved. 

In  the  case  of  all  the  gases  examined  a  thermal  effect  was  ex- 
srieneed  after  passing  through  the  plug,  and  this  in  the  case  of  air, 
icygen,  and  carbon  dioxide  was  a  cooling  effect.  Each  of  these  gases 
lowed  a  temperature  sensibly  lower  than  the  bath  after  passing 
irough  the  plug,  but  in  the  case  of  hydrogen,  although  the  first  ex- 
eriments  appeared  to  give  a  cooling  effect,  a  later  and  more  accurate 
ivestigation  proved  that  the  temperature  of  the  stream  issuing  from 
[ie  plug  was  higher  than  that  of  the  bath.  With  this  gas  there  was 
berefore  a  heating  effect,  so  that  it  stands  out  from  the  others  in  this 
dspect  also,  as  it  does  in  regaixi  to  deviations  from  Boyle's  law.  A 
eating  effect  would  be  expected  from  this  gas  on  account  of  the 
lanner  in  which  it  deviates  from  Boyle's  law,  but  that  this  effect 
hould  more  than  counterbalance  the  cooling  which  must  arise  from 
esidual  molecular  attraction,  if  any,  or  as  to  whether  in  hydrogen  this 
itter  effect  should  be  a  heating  rather  than  a  cooling,  could  not  be 
iredicted  a  priori. 

The  thermal  effect  in  all  cases  was  found  to  be  proportional  to  the  be  propoi 
lifference  of  pressure  on  the  two  sides  of  the  plug  even  for  differences  V®"*^  ^ 
»f  5  or  6  atmos.,  and  in  the  case  of  hydrogen  it  amounted  to  a  heating 
if  0**O39  C.  per  atmosphere  difference  of  pressure  on  the  two  sides. 
[be  law  of  variation  of  the  effect  with  temperature  was  not  fully  deter- 
oined  in  this  case,  and  the  foregoing  number  is  taken  as  the  mean  of 
he  heating  effects  at  temperatures  between  0^  and  100    C. 

We  shall  now  consider  how  this  result  may  be  applied  to  the 
praduation  of  a  hydrogen  thermometer  according  to  the  absolute  scale. 
<^or  this  purpose  we  must  base  the  investigation  on  the  condition 
^hich  controls  the  experiment,  viz.  that  the  quantity  U+jyy  remains 
inaltered.  Now  the  general  equation  t60  =  6U  +  p^r,  may  be  written 
1  the  form 

nd  consequently,  since  U  +  pc  does  not  vary,  we  must  have 

T30+r3ji>  =  O (2) 
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and  if  p  and  0  (the  temperature  registered  by  an  ordinary  centigrade    ] 
thermometer)  be  taken  as  independent  variables  this  becomes  j 

But  by  the  fourth  thermodynamic  relation 
therefore  (3)  becomes 


or 


now  ^  in  this  equation 


therefore 


dv     .  ^^ 
''dr   ^~''d$  ip ' 

^de'\d$)r'^ 


dv  dd 

Here  Gp  is  measured  in  dynamical  units  as  a  quantity  of  work,  and 
its  measurement  does  not  necessarily  involve  the  idea  of  a  scale  of 
temperature,  being  merely  the  quantity  of  work  required  to  be  spent 
in  raising  a  unit  mass  of  the  gas  through  a  range  indicated  by  two 

marks  on  a  thermoscope,  which  if  desirable  might  be  taken  as  the 
interval  of  temperature  between  the  freezing  point  and  boiling  point 
of  water.  Further,  80/8p  is  the  cooling  (or  heating)  effect  per  unit 
difference  of  pressure  on  the  two  sides  of  the  plug,  and  86  may  be 
measured  in  terms  of  the  same  interval  of  temperature  as  unit.  Thus 
we  now  require  an  interval  of  temperature  in  terms  of  which  the 
absolute  temperature  is  to  be  expressed,  and  in  the  preceding  investiga- 
tion this  is  represented  by  a  degree  on  the  ordinary  centigrade  scale. 
Now  for  hydrogen  86  was  found  proportional  to  8p,  and  for  one  atmo- 
sphere difference  of  pressure  11  we  have  8p=  -U  and  86  =  0*039, 
therefore 

Se_  _OM039 

8p~       n  ' 

^  If  there  is  neither  heating  nor  cooling  dd  is  zero,  and  we  have 

dr  _  dv 

so  that 

log  T  =  log  r  +  C 

where  C  is  a  function  of  p  alone.  Consequently  the  characteristic  equation  of  the 
substance  is  of  the  form 

T  =  V/{p). 
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ad  the  equation  becomes 

do  o-osft., 

r 

— -— ^?^—  (b\ 

r  "r-O -0390^/11 ^^ 

Jonsequently,  if  we  assume  Cp  to  be  constant  within  the  range  of  the 
zperiment  (and  its  variation  is  undoubtedly  very  small)  so  that  the 
ffect  of  this  variation  is  negligible  in  the  small  term  in  which  Cp 
ppears,  we  have  by  integration 

log  T=log  (v  -  0-039Cp/lI)  +  const., 

r 

T=a(t7-0-039Cp/Il) (6> 

rhere  a  is  an  arbitrary  constant  which  depends  upon  the  unit  of 
emperature  adopted. 

If  Tq  and  r^  correspond  to  the  freezing  point  of  water,  while  r^^ 
nd  v^oQ  correspond  to  the  boiling  point,  and  if  this  interval  of  temper- 
ture  be  represented  by  1 00,  as  on  the  centigrade  scale,  then  (6)  gives 

To      ^  To  ^  !>_ri»:039C^J^I 

ro  =  ^^^l-0-039CJIIVo) ij) 

<x 

rhere  a  is  the  expansion  of  unit  volume  of  hydrogen  between  the 
reezing  and  the  boiling  points  of  water. 

Now  Vq  is  the  volume  of  unit  mass  at  the  freezing  point  under  the 
>re8sure  p,  and  if  V^  be  the  volume  per  unit  mass  under  the  pressure 
)i  one  atmosphere  11,  then  (7)  may  be  written  in  the  form 


r«=^-^(l-J^ -0390^/11  Vo). 


?Jow  Regnault  found  that  the  quantity  Cp/IIVq  for  hydrogen  agrees 
vith  that  for  air  to  \  per  cent,  and  for  air  he  found  11 V^  (height  of 
lomogeneous  atmosphere)  =  7990,  whereas  the  specific  heat  expressed 
n  thermal  units  is  0*238.  Hence  if  we  take  the  number  427  for  J 
he  equation  may  be  written  in  the  form 


100/,        Vo\ 
^0  =  —    1  +  C-), 


vhere  for  hydrogen  c-  -  00049,  and  for  this  gas  expanding  under 
I  constant  pressure  of  one  atmosphere  a  =  '366 13,  which  gives  lOO/o 
=  273 '13,  therefore  with  v^  =  Vq  we  find 

To  =  273. 

The  temperature  of  melting  ice  is  consequently  273""  on  the  absolute 
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scale  when  the  interval  between  the  freezing  point  and  the  boiling 
point  of  water  is  denoted  by  100. 

Numbers  agreeing  very  closely  with  this  were  deduced  from  the 
experiments  on  air,  and  a  fairly  concordant  figure  was  obtained  from 
those  on  carbon  dioxide.  For  each  of  these  gases  the  thermal  effect 
was  a  lowering  of  temperature,  which,  in  the  case  of  carbon  dioxide, 
was  very  decided.  This  cooling  effect  was  also  found  to  be  sensibly 
independent  of  the  pressure,  but  to  vary  considerably  with  temperature, 
and  this  variation  was  found  to  be  very  approximately  as  the  inverse 
square  of  the  quantity  273  +  6  where  0  is  the  temperature  centigrade 
on  the  mercury  thermometer,  and  consequently  it  will  be  sufficiently 
accurate  to  write  in  the  small  terra  in  the  denominator  of  (5)  the  cooling 
effect  per  atmosphere  in  the  form 

and  we  then  have 

where  Tq  =  273.     The  value  of  A  for  air  was  found  to  be  0*275,  and  for 
carbon  dioxide  1*388. 

Returning  to  equation  (4)  we  have 


that  is 


consequently 


dv  ^  86     C«A/ro\a 


/v\_C,.A  V 
\t)-    ll'  r^' 


and  therefore,  if  we  regard  Cp  as  constant,  we  have 

t"t,      '     311     Vr'     V/' 

consequently  we  deduce  at  once 


-'?='-?{'*'*":.' 


>;;)} 


or  if  the  interval  t  -  t^  be  reckoned  1 00,  then  a  denoting  the  expansion 
of  unit  volume  between  the  freezing  point  and  the  boiling  point  of 
water,  we  have 


100/, 
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where 


=  IIV,*M 


1  + 


To 


To +100      (To +100) 

and  the  latter  factor  differs  so  little  from 


,)- 


Cp 


II  \ 


\  X  756A ; 


i{l  + 


(l-3663)4^""'^^^' 

the  mean  of  the  cooling  effects  at  O"*  and  100''  C,  that  if  this  mean 
had  been  used,  as  was  done  in  the  case  of  hydrogen  in  absence  of  any- 
thing better,  the  effect  on  the  result  would  be  scarcely  perceptible. 

Regnault  found  CpjIiY^  greater  for  carbon  dioxide  than  for  air  in 
the  ratio  1*39  to  1  for  the  average  of  temperatures  between  0°  and  210**, 
but  he  also  found  that  the  specific  heat  of  this  gas  varies  largely  with 
temperature,  and  taking  the  mean  of  its  value  at  0"*  C.  and  100°  C.  as 
the  proper  mean  in  this  investigation,  we  find  that  Cp/IIVq  for  this  gas 
is  1*29  times  the  value  of  this  quantity  for  air.  This  latter  we  have 
already  found  to  be  '0126.     Hence  in  the  formula 


=v(-$) 


the  quantity  c  has  the  value  -  "00049  for  hydrogen,  +  0026  for  air, 
and +  '0163  for  carbonic  acid.  The  following  table  of  results  is 
extracted  from  Lord  Kelvin's  article  : — 


Name  of  Gas. 


Hydrogen   . 
Air    .     .     . 


Carbonic  acid 


ExpansioQ  at 
One  Atmo. 

between 

FYeezing  and 

BoilinK 

Points, 

Regnault, 

a. 


•36613 
•36706 
•37100 


Uncorrected 

Correction 

Proper  Mean 
Cooling 

EHtimate  of 

calculated 

Temperature 

fh>m  Cooling 

Effect 

of  Melting         Effect, 

per  Atmo., 

Ice,            100    Cp  „ 

M. 

100/a. 

a  nvo"- 

Absolute 

Temperature 

of  Melting 

Ice, 

TO. 


-  0"-039 
+  0'^208 
+  l"-005 


27313 
272-44 
269-6 


-0*'^13 
+  0'*'70 

4-4"^4 


273 

273-14 

273-9 


As  the  experiments  on  air  were  more  trustworthy  than  those  on  hydrogen,  the 
number  273^14  obtained  from  them  was  regarded  as  the  most  reliable  approximation 
to  the  absolute  temperature  of  melting  ice. 


The  formula 


V  T       \  \\V         J 


where  M  is  the  proper  mean  cooling  effect,  has  been  employed  by  Lord 
Kelvin  to  calculate  the  expansions  of  the  various  gases  for  which,  M 
is  known,  and  the  close  accord  between  the  calculated  and  observed 


8id 
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▼alues  is  very  interesting.  For  air,  oxygen,  hydn^n,  and  nitrogen 
we  have  Gp/nVQ  =  *(yi26,  so  that  the  above  formula  gives  the  expan- 
sion between  C"  and  100^ 


-^r.('*>>«> 


The  values  of  M  derived  irom  Joule  and  Thomson's  experiments  are 
-0-039  for  hydrogen,  +0-208  for  air,  +0*253  for  oxygen,  and 
+  0*249  for  nitrogen. 

The  following  numerical  results  are  given  by  Lord  Kelvin  (Art 
"  Heat ") :— 


HuneofGM. 

OMfiBffi  of  BspMiiloo. 

Hydrogen    .... 

Air 

Oxygen        .... 
Nitrogen      .... 
Okrbon  dioxide 

0-008662(1  -O-OOOt^Yfl/v) 
0*008662(1 +0-0026y«/r) 
0-008662(1  +0*0082VJ«) 
0*008662(1 + O-OOSIY J«) 
0  -008662(1  +  0  -OlOSV^) 

For  different  values  of  YJv  the  results  deduced  from  these  formal» 
are  compared  with  those  of  experiment  in  the  following  table : — 


Name  of  Gas. 


Vo 

■       • 

V 


Bxpftnaion  (p  ooostant)  between  0* 
ami  100*  C. 


Hydrogen 


Air 


Oxygen 


Nitrogen 


Carbon  dioxide 


Calculated. 


3662 
3660 
3657 
3656 
3651 

3662 
3672 
3691 
3694 
3719 

3662 
3674 
3697 
3732 

3662 
3673 
3696 
3730 

3662 
3721 
3841 
3859 
4019 


Observed  (Regnault). 


•36613 
•36616 

•36706 
•36954 


•37099 
•38455 
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The  cooling  effect  was  also  investigated  in  the  case  of  mixtures  of  Mixtures. 
ifferent  gases,  and  it  was  found  that  the  cooling  of  the  mixture  on 
using  through  the  plug  was  not  the  corresponding  mean  of  the  cool- 
ig  effects  of  the  constituent  gases.  Thus  oxygen  and  nitrogen  taken 
jparately  showed  almost  the  same  deviations  from  the  condition  of  a 
srfect  gas,  the  deviation  of  nitrogen  being  slightly  less  than  that  of 
cygen ;  but  a  mixture  of  oxygen  and  nitrogen  appeared  to  deviate 
)8S  than  nitrogen.  In  the  same  way  a  mixture  of  carbon  dioxide  and 
ir  would  be  expected  to  show  a  smaller  cooling  effect  than  pure 
irbon  dioxide,  and  a  larger  cooling  effect  than  air.  This  was  found 
)  be  the  case,  but  the  cooling  effect  of  the  mixture  was  not  that  which 
rould  take  place  if  each  constituent  produced  its  own  proportion  of 
le  effect  independently  of  the  other.  This  evidently  points  to  some 
itermolecular  action  between  the  constituents  of  the  mixture,  or  to 
iffusion  effects  in  passing  through  the  plug. 

869.  [Callendar's  Method  of  Correcting  the  Gas-Thermometer. 
—The  question  of  the  determination  of  the  absolute  zero  and  the 
bermodynamical  correction  of  the  scale  of  the  gas-thermometer  has 
een  the  subject  of  many  scientific  papers.  The  following  method  of 
ivestigation,  which  is  due  to  Professor  Callendar,^  makes  use  of  the 
dsults  of  the  porous  plug  experiment,  as  well  as  those  relating  to  the 
properties  of  gases  obtained  by  Chappuis  and  others. 

Equation  (4)  of  the  preceding  article  may  be  written 

^''''=KS),-- <i) 

rhere  M  is  the  cooling  effect  (^\  ^y'  having  the  same  signification 

&  in  Art.  348. .  We  may  also  obtain  a  similar  equation  with  v  as 
ndependent  variable  instead  of  j^.  For  suppose  the  gas  after  issuing 
rom  the  plug  to  be  heated  up  to  its  original  temperature,  keeping  the 
)ressure  constant.  The  heat  required  will  be  -  Cp^ir,  dr  being  the 
neasured  n.?e  of  temperature  in  the  porous  plug  experiment.  This 
nust  be  equal  to  the  increase  of  internal  energy  (d\5\dv)  dvy  together 
vith  the  external  work  done  d{pi^.     Therefore 

,nd,  using  the  formula  dU  =  Td<f>  -  pdv  combined  with  the  second 
hermodynamic  relation,  we  get 


Phil.  Mag.,  Jan.  1903. 
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so  that  we  have,  making  v  independent  variable, 

Lbsolute  In  order  to  determine  the  absolute  zero  on  the  constant  pressure 

oMUnt    gas-thermometer,  Professor  Callendar  makes  the  approximate  substi- 
ressure    tutions  {dv/drjp  =  Rjp  and  6  =^r/R  in  (1),  which  gives  the  simple  result 

bermo- 

This  formula  must  be  accurately  true  at  some  point  in  the  neighbour* 
hood  of  50°  C.  where  the  degrees  are  the  same  size  on  the  gas  and  absolute 
scales.  It  will,  however,  also  give  a  very  good  approximation  for  the 
freezing-j>oint  correction  Tq  -  6^,  for  the  scale  correction  at  this  point 
only  is  neglected,  and  this  must  be  very  small  compared  with  the  zero 
correction,  since  the  whole  number  of  degrees  between  0°  and  100°  C. 
is  the  same  by  definition  for  both  thermometers.     Writing  therefore 


To -6©= 


R     ' 


hermo- 
neter. 


and  employing  the  proper  mean  value  of  CpM  which  corresponds  to 
the  pK)int  where  the  degrees  are  of  equal  size,  we  obtain  the  zero 
correction.  This  formula  is  equivalent  to  that  of  Lord  Kelvin  given 
in  the  preceding  article, 
lbsolute  For  the  constant  volume  thermometer.  Professor  Callendar  sub- 
^ouVut  ^^^^^^^  ^^^  (2)  ^^^  approximate  value  ((/;>Wr)^'  =  (dpi(h%  =  - p  r,  which 
olurne  occurs  Only  in  the  small  term  on  the  left.  Also  putting  {dpiiT)^  =  R  '', 
which,  however,  is  only  strictly  true  where  the  degrees  are  the  same 
size  on  both  scales,  the  equation  becomes 

In  order  to  evaluate  this  for  carbon  dioxide,  we  may  take  C^M  =  7*9  cc. 
as  the  proper  me«in  value.  Also  the  value  of  d{j)v)!dp  at  or  near 
50'  C.  mav  be  biken  as  2  4  cc.  from  x^magat's  observations  on  carbon 
dioxide  (Art.  248).  The  value  of  p  is  the  pressure  in  the  gas- 
thermometei'  at  the  point  considered.  Adopting  Chappuis*s  value  of 
the  pressure  coefficient  at  100  cms.  initial  pressure,  namely  •0037251, 
Bf^  =  268-45,  and  ;>  -  119  cms.  -  1  'bd>  x  10«  C.G.S.  units  at  50°  C.  and 
talking  \l=  1'89  x  10*'*  we  find  the  value  of  the  correction  4*" '55,  which 
gives  T,)  -273  '0.  This  neglects  the  scale-correction  at  50°,  which 
however  is  less  than  0  '05. 

Another  method  emi)loyed  by  Professor  Callendar  is  to  throw  the 
characteristic  equation  of  the  gas  into  the  form 

T  --  -       i  '/  .  •  .  .  .  \'V 
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while  the  temperature  6  registered  by  the  gas-therraometer,  obeys 
the  law  p^ 

R  and  R'  being  constants.  These  constants  differ  slightly  in  value ; 
in  fact,  if  we  put  Tq  and  t^  for  the  temperatures  of  the  freezing  and 
boiling  point  respectively,  and  write 


(5) 


and   solve  for  R  and  R',   remembering  that  t^  -  Tjj  =  Oj  -  6^=  100, 

^-^V         100  ;~  "100  ....         (6) 

The  zero  correction  for  the  gas- thermometer  is,  by  equations  (6), 

■  .  (7) 


but  by  (6) 

1       1      J      (7o  -7i 
R    R'~R''    100 

therefore 


ro-Bo  =  7o  +  ^10-(f^eo (8) 

Again,  if  6  is  the  temperature  centigrade,  and  W  the  scale  correction, 
that  is,  the  difference  between  the  tnie  centigrade  temperature  r  -  Tq 
and  the  reading  ^  =  6  -  0^  given  by  the  gas- thermometer,  we  have 

«d  =  T-ro-(e-eo)  =  (;>r-;Vo)(^^-|^;j+'/-(7o 

or  by  (7) 

Se  =  \^'e-iqo-q) (9) 

In  order  to  calculate  the  corrections,  we  must  assume  some  form 
for  the  characteristic  equation  of  the  gas.  Professor  Callendar  adopts 
the  modified  form  of  Clausius's  equation  (Art.  251) 

Rr      a       ^ 
2'      Kr- 

which  he  writes  in  the  more  general  form^ 

r  =  ?'*-r^  /, (10) 

J' 


^  The  quantity  6,  which  corresponds  to  tlie  b  in  Van  der  Waals'a  equation  (p.  r>03), 
is  called  the  eo-rolinne,  as  it  is  the  correction  to  be  applied  to  the  tnic  volume  r  to 
obtain  the  volume  r-b  which  varies  according  to  Boyle's  law.  The  quantity  c, 
corresponding  to  the  pressure  term  a/r^  in  Van  der  Waals's  equation,  is  called  by 
Callendar  tKe  co-agyrcyaiian-volniMj  as  it  represents  the  diminution  of  volume 
caused  by  the  formation  of  molecular  aggregates. 
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where  c  =  Cq{tJt)^.  This  equation  agrees  very  well  with  experiment, 
if  the  pressure  is  within  moderate  limits,  and  if  a  suitable  value  is 
assigned  to  n.  For  carbon  dioxide  n=  2,  for  diatomic  gases  n  =  l*5, 
and  for  monatomic  gases  n  =  0'5.  Differentiating  (10)  and  substitut- 
ing in  (1)  we  get 

CpM  =  (u  +  l)c-6 (11) 

Also 

Comparing  equations  (3)  and  (10)  we  have 

q=^{c-b) (18) 

SO  that  equation  (12)  alone  will  furnish  a  means  of  calculating  the 
corrections,  and  this  would  obviate  the  necessity  of  assuming  the  law 
of  variation  of  c  with  temperature.  But,  in  calculating  such  small 
corrections,  it  is  better  not  to  rely  entirely  on  the  compressibility 
curves,  but  to  make  use  of  the  more  accurate  method  of  the  cooling 
effect.  Hence  Professor  Callendar  prefers  to  calculate  c  and  h 
separately  from  equations  (11)  and  (12)  combined. 

The  most  important  case  is  that  of  the  constant-volume  hydrogen 
thermometer.  Putting  Mq  for  M  and  Cq  for  c  in  (11),  and  taking  the 
value  CpMQ=  -  4*2  from  the  experiments  of  Joule  and  Lord  Kelvin; 
and  similarly  putting  d{pr):dp  =  -  6*5  from  Chappuis's  experiments  on 
the  compressibility  of  hydrogen  at  0    C,  we  get,  since  n  -  1'5, 

whence  c„  =  1'50  and  />  =  8*0.  We  may  put  p^rlr^  for  p  in  the  ex- 
pression for  7,  as  the  volume  is  supposed  constant,  and  if  we  also 
substitute  cJ^t^^t)^'^  for  c,  equation  (13)  becomes 

^  _  Mf  n       /^n  _  n^ 
^~    R'  V   T       Rr   ' 

and  similarly 

'^"~   R       R 


substituting  for  7,  q^^  and  q^^  in  equations  (8)  and  (9),  we  have  finally 

To-Bo-   j^-^l  +  ^(^l-    V37T3;/ 
/•273\    ^    _  /  /273 


By  the  first  of  these  formuhe  Professor  Callendar  obtains  273*1  aa 
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the  absolute  temperature  of  the  freezing  point,  and  from  the  second 
he  computes  the  following  table  of  corrections  for  the  constant  volume 
hydrogen  thermometer,  the  initial  pressure  being  that  of  1  metre  of 
mercury : — 


TemiJt     1 

cent. 

1 

Correction. 

1 

Tpiui*.     , 
'     cent.      1 

Correction. 

Temp. 
«rent. 

('orrection. 

-  2r»o 

+  0-1005 

10      , 

-  -00016 

7 
80 

-  -00024 

200    ' 

+  0-0311 

1       20       1 

-  -00028 

90 

-  -00013 

-150 

+  0-0132 

,     -^0 

-   00036 

150 

+  -00097 

-100 

+  0  0054 

!       40 

-  -00040 

200 

+  -00236 

-    50 

+  00164 

50 

-  -00040 

300 

+    -0059 

-    20 

+  -00048 

!       60 

-  -00038 

450 

+    -0127 

-    10   • 

1 

+  -00021 

70 

1 

-  -00032 

1000 

+    -0438 

The  case  of  carbon  dioxide  is  also  interesting.     Professor  Callendar  Constant 
adopts  a  somewhat  different  course  here.     The  cooling  effect  for  this  co"ther- 
gas  is  comparatively  large,  and  by  taking  its  values  at  0°  and  1 OC  C.  niometer. 
the  calculation  can  be  made  without  using  equation  (12).     If  C^  and 
Cj  are  the  values  of  Cp  at  0"  and  100'  C,  we  have,  substituting  2  for  n 
in  equation  (11), 

CoMo  =  3<-o-6 
CiM,  =  3<:i-6 

from  which  c^  can  be  calculated  by  putting  r^  ^  ^^^(273  373)-.     The 
expression  for  q  is 

and  equations  (8)  and  (9)  take  the  simple  form 


r„-e„  =  646  '• 


/>.A 


''-'&' 


373  R 


e  -100 


The  first  of  these  equations,  by  putting  Cq  =  3-76,  R=  1*887  x  10* 
Pq  =  pressure  of  1  metre  of  mercury,  gives  273*05  as  the  absolute 
temperature  of  the  freezing  i)oint. 

Professor  Callendar  also  gives  formula?  for  the  constant  pressure 
thermometer,  and  discusses  the  results  for  nitrogen,  steam,  and  the 
inert  monatomic  gases. 

870.  Temperature  of  Inversion  of  the  Cooling  Effect. — The 
experiments  of  Joule  and  Lord  Kelvin  show  that  the  cooling  effect 
diminishes  with  rise  of  temperature.  It  would  naturally  then  be 
expected  that  at  a  certain  temperature  the  effect  would  vanish,  and 
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above  this  temperature  the  gaa  would  be  warmed  after  passing  throng 
the  porous  plug.  This  is  found  to  be  actunlly  the  case.  For  air  the 
temperature  at  whicli  the  cooling  effect  vanishes  appears  to  be  Bome- 
what  below  100°  C.  In  the  case  of  hydrogen  it  is  far  below  the 
freezing  point.  Thus  hydrogen  no  longer  occupies  an  anomalous 
position  in  this  respect;  it  differs  from  all  other  gaaes  merely  in 
possessing  a  lower  temperature  of  inver- 
sion. At  a  sufficiently  low  temperature 
hydrogen  also  is  cooled  by  free  expansion 
(Art.  196). 

The  temperature  of  inversion  of 
the  Joule-Kelvin  effect  for  hydrogen 
has  been  experimentally  determined  br 
Olszewski.'  The  apparatus  is  shown 
in  Fig.  234.  Hydrogen,  careTully  pun 
fied,  entered  under  high  pressure  by 
the  tube  a  and,  after  passing  through 
the  coil  b,  escaped  at  the  valve  c,  which 
is  of  the  same  type  as  that  used  in  the 
apparatus  for  liquefying  the  gas.  The 
valve  c  was  enclosed  in  a  thin  metal  box 
hh,  and  the  gas  issued  from  this  Ijox  bv 
the  \'erticfil  tube  i>,  througli  wliicli  ;Jso 
an  elcctiic  resistance  thermometer  wiis 
mtrodiiced.  The  electric  connection? 
were  indde  by  means  of  l)inding  screns 
at  /  and  i/ 

So  IS  to  bo  able  to  suitoiukI  the  coil 

/   ind  the  metal  Ixix  with  different  re- 

fii''cruits  the  metal  cap  nn  was  cemetilcii 

to  tlie  top  of  1  thitk  walled  glass  vessel 

II      Ihii  in  tuin  contained  a  thin  gjas.- 

1 1.    Hj  lessd  /  >i    insulated  from  the  former  at 

the  top  and  bottom      The  temperaturf 

of  the  coil  aud  jet  could  be  loughlj  detoimmed  fiom  the  readings  of  a 

mercuij  niAnomctei  attached  to  the  apparatus 

UsiMp;  liquid  an  as  a  lefngcfAtit  considerable  cooling  was  oliscne^l 
on  openin^;;  the  i  d\c  c  and  thi,  sann,  tfiect  «  la  obtained  in  a  lesf 
degree  with  liquid  etlnlcnt  Iwdiiig  it  103  C  A  series  of  exiieri- 
menta  was  then  niadt.  with  solid  carbon  dioxide  and  ether,  beginning 
at  -  78    (.     ui  I  gi  idiulh  lediuiiii,  the  tempenture  by  means  of  an 
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exhaust  pump  connected  to  the  cover  of  the  apparatus  &tk.  At  -  78'' 
there  was  a  slight  heating  effect,  and  at  -  83^"  a  decided  cooling  took 
place.  By  numerous  trials  it  was  found  that  the  tem|)erature  at 
which  the  Joule-Kelvin  effect  became  zero  was  about  -  80^*5  C.  The 
pressure  of  the  gas  before  expansion  was  between  117  and  110 
atmospheres.] 
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Table  I. 


DENSITY   OF   WATER   BETWEEN    0'^    AND    40""    C.    (STANDARD   SCALE) 


Temp. 

Density. 

Teinii. 

DeuBity. 

c 

'     0 

0-9998674 

o 

21 

1 

0-9980209 

1 

9272 

22 

0-9977988 

2 

9682 

23 

'        5665 

3 

9923 

24 

3244 

4 

1-0000000 

25 

0726 

5 

0-9999918 

26 

0-9968114 

6 

9681 

27 

5409 

7 

9294 

28 

•2613 

8 

8760    I 

29 

0-9959728 

9 

8085 

30 

6755 

10 

7272 

31 

3695 

11 

6324 

32 

0552 

12 

5247    ' 

33 

0-9947324 

13 

4047 

34 

4014 

14 

2725 

35 

0623 

15 

1285 

36 

0-9937150 

16 

0-9989724 

37 

3598 

17 

8043    1 

38 

0-9929967 

18 

6248 

39 

6258 

19 

4343    I 

40 

•2471 

20 

2328    1 

i 

This  table  is  given  by  P.  Chappuis  (AnnaZen  der  Phi/sik,  Bd.  Ixiii.  p.  207,  1897). 
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Table  II. 


MEAN   coefficients   OF   EXPANSION    OF  AIR 


(Values  of  o^x  10*) 


h 

1 

1 
1 

Temperatures  B. 

3  ^* 

+  100-0. 

-f-160. 
376 

-S5  0. 

,  -78-5. 

•  ■  a 

- 103-6. 

-180D. 

•  ■  • 

-  1S5-0. 

-140-0. 

-145  0. 

10 

375 

•  •  • 

•  •  • 

•  •  ■ 

15 

379 

382 

«  •  • 

•  •  • 

•  •  ■ 

... 

420 

427 

20 

383 

387 

401 

410 

427 

•  ■  • 

440 

450 

25 

388 

392 

411 

422 

443 

•  •  • 

463 

47S< 

30 

392 

398 

420 

434 

462 

477 

492 

519' 

35 

397 

403 

429 

448 

483 

506 

538 

40 

402 

408 

438 

461 

508 

544 

632 

45 

406 

414 

448 

474 

536 

594 

50 

410 

419 

430 

457 

487 

569 

619 

55 

414 

424 

436 

467 

500 

598 

623 

60 

418 

429 

442 

476 

512 

610 

622 

65 

421 

434 

448 

485 

525 

612 

621 

70 

425 

438 

454 

494 

536 

612 

75 

428 

442 

461 

503 

547 

610 

80 

431 

446 

467 

512 

557 

607 

85 

434 

449 

473 

520 

566 

90 

437 

452 

479 

527 

572 

95 

439 

455 

485 

532 

577 

100 

441 

458 

489 

537 

579 

105 

443 

460 

493 

542 

580 

110 

445 

462 

497 

545 

580 

115 

447 

4tvi 

499 

548 

579 

120 

449 

46.5 

501 

550 

577 

11>5 

.  .  . 

466 

50:3 

f).'*! 

574 

l:iO 

4ti8 

... 

551 

571 

^  Corresponds  to  2*.^  atnios. 
Tliis  table  is  given  by  A.  W.  Witkowski  {Phi/.  Mag.,  April  1896 
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(Graninietros). 

DIIIECT    MKTHOD.** 


Date. 


Obsrrvn-, 


M«»tho«l 


ReMilt. 


1  sr.i 


Joule  (1 ) 


>» 


)> 


>  J 

*  1 

1845 

1 

1 

1847 

!.'  (2) 

1850 

" 

» I 

a   pile 


Friction  ol'  \vat«'r  in  tube.s    . 
Klectroniagiietic  currents 
Decrease  of   heat    produced   by 

wlien  tlie  current  does  work 
Compression  of  air 
Expansion  of  air. 
Friction  of  water  in  a  calorimeter 


Friction  of  mercury  in  n  calorimeter 
Friction  of  iron  plates  in  a  calorimeter 


424-0 

m 

44-J-2 
44:3-S 
4:i7'S 
428-9 

42ri> 
4-24-7 
4-2;V-2 
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DIRECT  METHOTiS—COntinU€d 


8 
61 


5 
0 

5     , 
8 
9 

1     I 
2 
7     ! 


Olwerver. 


Favre  (4) 

Him  (5) 

Favre  (6) 
Him  (5) 

»> 
»i 
»» 

»» 

Edlutid  (7) 
VioUe  (8) 

Puluj  (9) 

Joule  (10) 

Rowland  (11) 

D'Araonval  (12) 

Micnlescu  (12a) 

Reynolds  and 

Moorby  (12b) 


Method. 


Decrease  of  heat  produced   by  a  pile 
doing  work 

Friction  of  motals        .... 
>i  »»  .... 

Friction  of  metals  in  mercury  calorimeter 

Boring  of  metals 

Water  in  friction  balance 

Escape  of  liquids  under  high  pressure  . 

Hammering  lead .         .         .        .        . 

Friction  of  water  in  two  cylinders 

Expansion  of  air 

Steam-engines     ..... 

Expansion  and  contraction  of  metals   . 

Heating  of  a  disc  between  the  poles  of  a 
magnet    ...... 

Friction  of  metals        .... 

,,  water  between  5"  and  36"    . 

Heating  of  a  cylinder  in  a  magnetic  field 
Friction  of  water  .... 

,,  ,,         mean  between  0**  and 

100' 


ft 


Rt^ult 


426-464 

371-6 

400-450 

413-2 

4-25 

432 

432,  433 

425 

432 

440 

420-432 

428-3-443-6 

435 
425  "2426 -6 

423-9 

429-8-425-8 

421-427 

426*84 

426-27 


I 


I 


INDIRFX'T   METHODS 


J.  Ob9*en-er. 

2    I       Mayer  (13) 

7        Quintus  Icilius 
(14) 

WelH'r(15)       ; 

Favre  /  ' 

SilbeiTiian       ^^  I 

Bosseha  (16)      j 

9  Joule  .17)        I 

Leuz- Weber 

7  Joule  (18) 

8  Weber 


8  Perot  (19) 

9  Dieterici  (20) 
5         Griffiths  (21) 

4  Schuster  and 
Gannon  (-22) 

9  Callen<lar  and 
Barnes (23) 


Method. 


By  the  relation  J  =;-**-"-    for  gases     . 

^p  ~  ^» 

Heat  develoj»ed   in  a   wire   of  known 
resistance  ..... 

Heat  due  to  electric  currents 

Heat  developed  by  zinc  on  sulphate  of 
copper      ...... 

Measure  of  E.M.F.  of  a  Daniell's   cell 
after  the  absolute  measure  10257  x  10" 

Heat  develo[>ed  in  a  Daniell's  cell 

E.M.F.  of  Daniell's  cell 

Heat  developed  in  wire  of  known  resist- 
ance         ...... 

Heat  developed  in  wire  of  known  resist- 
ance ...... 

Heat  developed  in  wire  of  known  resist- 
ance  ...... 


} 


Result. 


365 

399-7 
432  1 

432  1 


By  the  relation  L  =  r  ir.,  -  Vy  ,      . 

Heat  of  electric  currents 

>  *  ? '  •         •         • 

Electric  current  E  and  C  being  known 


»» 


•  » 


432  1 
419-5 
419-5 

396-4-478-2 

4-29-5 

428-15 

424-63 

432-5 
427-45 

427-19 

4-26-52 
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In  order  strictly  to  comjiare  the  above  results  of  various  observers,  it  would  be 
necessary  to  reduce  all  the  observations  to  the  same  temperature  and  the  same  value 
of  the  constant  of  gravitation. 
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The  numbers  refer  to  pages 


Absolute  conductivity,  638,  688 

emissive  power,  588 

scale,  118,  609,  796 

specific  heat,  239 

temi)erature,  714 

zero,  714,  812,  814 
Absorption  by  aqueous  vapour,  560 

carbon  dioxide,  568 

selective,  546 
Absorptive  power,  587 
Academy  del  Cimento,  9 
Actinic  balance,  574 
Actinometer,  617 
Adiabatic  of  perfect  gas,  96,  288 

steeper  than  isothermal,  96 

transformations,  287,  701 
Air,  boiling  point  of,  378 

calorimeter,  253 

coefficient  of  expansion  of,  219,  822 

compressibility  of,  493 

conductivity  of,  690 

critical  temperature  of,  378 

diathermancy  of,  552 

dilatation  of,  214 

liquefaction  of,  376 

pressure  coefficient  of,  216,  219 

ratio  of  si)ecitic  heats  of,  292 

specific  heat  of,  271,  277,  281,  283 

thennometer,  139 
Alchemy,  5 
Alcohol,  freezing  point  of,  167 

thermometer,  110 
Alloys,  fusion  of,  338 

Prinsep's,  102,  167 

resistance  of,  169 

thermo-electric,  577 
Aluminium  comi>ensator,  229 
Amorphous  solids,  fusion  of,  335,  352 
Argon,  219,  290,  354,  378 
Atom,  structure  of,  75 

vortex,  78 
Atomic  thermal  cai)acity,  294 
Attractitm  and  repulsion,  77 
Available  energy,  729 


Bismuth  in  magnetic  field,  169 


Black  body,  construction  of,  592 

definition  of,  587 

radiation  of,  585 
Boiling  point  on  thermometer,  107,  133 

points,  160,  378,  391 
Bolometer,  574,  581 
Bumping,  boiling  by,  361,  408 
Bureau  International,  118 

Calibration  of  thermometer,  127 
Caloric  theory,  34,  38 
Calorie,  22,  234 

mean,  318 

standard,  322,  330 
Calorimeter,  air,  253 

Andrews's,  259 

Black's,  241 

Bunsen's,  243 

electric,  318 

Favre  and  Silbermann's,  258 

ice,  241 

Joly's  steam,  265 

Lavoisier's  and  Laplace's,  242 

Regnault's,  254 

solar,  618 

water,  249 
Calorimetric  method   in   thermometry, 

161 
Calorimetry,  233  et  scq. 

combustion  method  in,  234 

corrections  in,  386 

electric  method,  234,  321 

method  of  mixtures  in,  248 

stationary  temperature  methods  in, 
253,  277,  316,  321 
Capacity,  thermal,  25 
Caidllarity,  error  due  to,  125 
Carbon     dioxide,     boiling     point     of, 
378 

coefficient  of  expansion  of,  219 

compressibility  of,  489 

critical  temperature  of,  378,  454 

pressure  coefficient  of,  219 

specific  heat  of,  271,  281 
Centigrade  scale,  18 
ChaVengcr  exi>edition,  203 
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Change  of  state,  16,  335  et  seq.,  751 

of  volume  during  fusion,  339 
Characteristic  equation,  136 

function,  769 

surface,  93,  784 
Clark  cell,  321 

Cloudy  condensation,  408,  760 
Co-aggregation  volume,  813 
Coeflicient  of  expansion,  19 

apparent,  20,  175 

mean,  174 

of  gases,    148,   206,  213,  219,  810, 
822 

of  linuids,  182,  204 

of  solids,  cubical,  192 

of  solids,  linear,  176,  180 

true,  174 

zero,  174 
Coefficients,  pressure,  122,  215,  219 

relation  between,  123 
Cold,  by  eva}H)ration,  371 

radiation  of,  525 
Combination,  heat  of,  260 
Combustion,  heat  of,  260 
Comparator  method,  176 
Comi)arison  of  conductivities,  627,  634 

of  latent  heats,  390 

of  thermometers,  118,  149 
Compensating  leads,  159,  167 
Compressibility  of  gases,  486,  494 
Compression,  heat  due  to,  740 
Conduction,  625  et  seq. 

equations  of,  661 

illustration  of,  626 
Conductivities,  638,  644,  646,  649,  657, 
660 

coin])arisoii  of,  627,  634 

relative,  638 
Conductivity,  absolute,  638,  6S8 

definition  of,  629 

Forbes's  method,  640 

guard-ring  method,  647 

of  crystals,  667 

of  earth's  crust,  6r»7 

of  gases,  6^5,  688 

of  iron,  644 

of  li(juids,  677 

of  solids,  62,') 

surface,  526 

variation  with  temperature  of,  649 
Conservation  of  »*nergy,  83 
Constant,  solar,  616 
Conlinuitv  of  state,  450 
Convccti<»n,  molecular,  690 
Cooling,  528 

method  of,  154,  261 
Cooling  etlect,  375,  802 

inversion  of,  815 
Correction  in  calorinietry,  251 

of  gas  thermometer,  218,  805,  811 

of  s}>ectruni  curves,   606 
Corn*s]ion(ling  states,  514 
CovohniH*,  8Ki 
Creeper,  Stevenson's,  15 


.\ 


Creeping,  15,  349 
Critical  constants,  464 

calculation  of,  512 

of  carbon  dioxide,  476 
Critical  point,  459,  791 
•  of  mixture,  468 
of  water,  388        ^ 

temperature,  378,  450  V^    ^ 
Cryophorus,  373 
Crystals,  conductivity  of,  667 

dilatation  of,  223 
Cube,  Leslie's,  526 
Cubical  expansion,  17S 
Curve,  James  Thomson's,  792 
Cycle,  Carnot's,  705,  722 

reversible,  708 

thermodynamic,  95 
Cyclic  transformations,  696 

Dead  space,  146 

Demon,  Maxwell's,  720 

Density  of  liquid  and  vapour,  470 

of  saturated  va{)0ur,  420 

of  water,  821 

vapour,  413 
Depression  of  freezing  point  with  pres- 
sure, 202,  754 
Dew-point,  435 
Diagram,  indicator,  92 
Diamond,  specific  heat  of,  298 
Diathermancy,  545 
Differential,  perfect,  697 
Ditfusivity,  661 
Dilatation,  157  ft  seq. 

of  crystals,  223 

of  gases,  206  ->^ 

of  li.juids,  182,  203 

of  solids,  173,  192 

of  water,  195 
Dilatometer,  193,  199 
Dissijiation  of  energy,  729 
Distribution  of  velocities,  71 
Drops,  Rupert's,  174 
Dynamical  equivalent,  44,  301,  822 

theory  of  gases,  ^% 

theory  of  heat,  52 

Ebullition,  355,  358 

Ert'ect,  cooling  (or  Joule- Kelvin^,  375, 

809 
Efficiency,  709,  712 
Elasticities,  ratio  of,  744 
Elasticity  of  gas,  96 
Electric  arc,  t\niperature  of,  614 

method  in  ealorimetry,  234,  321 

resistance,  169 
Emergent  column,  126 
Emission  of  black  body,  595 

of  platinum,  614 
Emissive  power,  587 

absolute,  588 
Emissivities,  comparison  of,  635 
Emissivity,  526,  541 
Encounter  of  molecules,  67 


INDEX  OF  SUBJECTS 


829 


Energy,  all  kinetic,  90 

available,  7*29 

conservation  of,  88 

dissipation  of,  729 

equation,  695 

internal,  696,  764 

of  molecules,  97 

of  translation,  74 

potential,  84,  90 
Entropy,  724,  764 

increase  of,  728 
Equation,  characteristic,  500 

Clausius's,  505 

Van  der  AVaals's,  503 
Equilibrium  of  water  column,  203 
Equivalent,  dynamical  (or  mechanical), 
44,  46,  301,  822 

water,  250 
Ether,  luminiferous,  52 
Ethylene,  pressure  curves  of,  489 
Evaporation,  355,  357,  426 
Exchanges,  theory  of,  524 
Expansion,  apparent,  15,  20,  175 

coefficient  of,  19,  174,  204,  810 

cooling  by,  375 

cubical,  173 

effect  on  heating,  13 

heat  absorbed  during,  745 

illustrations  of,  14 

Laplace  and  Lavoisier's  method,  180 

linear,  175 

mean,  19,  174 

method  in  thermometry,  162 

of  air,  822 

of  gases,  148,  213,  219 

of  glass,  179 

of  liquids,  183 

of  metals,  179 

of  porcelain,  179 

of  rails,  14 

of  solids.  192 

on  freezing,  341 

relative,  15,  181 

residual,  120 

superficial,  175 

true  coefficient  of,  174 

zero  coefficient  of,  174 
Experiments,  Aniagat's,  4S6 

Andrews's,  454,  685 

Angstrom's,  655 

Berget's,  648 

Black's,  24 

Bottomlev's,  543 

Boutigny's,  365 

Cagniard  de  la  Tour's,  450 

CaJlendar  and  Barnes's,  320 

Cha])puis's,  217 

Dalton's,  426 

Daw's,  42 

De  la  Provostaye  and  Desains's,  540 

De  Senarniont,  669 

Despretz's,  635,  677 

Dulong  and  Petifs,  183,  530 

Gay-Lussac's,  209 


Experiments,  Griffiths's,  318,  388 
Hirn'a,  48,  824 
Him  and  Cazin's,  760 
Hope's,  194 

Ingen-Hausz's,  627,  633 
Joule  and  Thomson's,  800 
Joule's,  44,  286,  801 
Lecher  and  Pernter's,  566 
Lummer  and  Pringsheim's,  591,  611 
Lussana's,  278 
M^Farlane's,  541 
Magnus's,  563,  686 
Melloni's,  545 
Miculescu's,  815 
Eegnaulfs,  186,  211,  219,  263,  278, 

383,  399 
Reynolds  and  Moorby's,  316 
Rowland's,  309 
Rubens  and  Kurlbaum's,  605 
Rumford's,  39 
Schuster  and  Gannon's,  320 
Tyndall's,  551 
'Wiedemann  and  Franz's,  637 

Faden- thermometer,  127 
Fire-atoms,  5 
Fire  by  friction,  36 

syringe,  37 
Fixed  zero  method,  121 
Flow,  lines  of,  663 
Fluor-si>ar,  595,  606 
Free  path,  67 
Freezing  machines,  371 

point,  106,  132 

depression  with  pressure,  202, 
754 
Friction  balance,  307 
Frigorilic  particles,  22 
Function,  Carnot's,  713 

characteristic,  769 
Fundamental  substance,  63 
Fusion,  335 

Gas,  absolute  conductinty  of,  688 

l>erfect,  287,  716 

pluperfect,  485 

]»ressure  of,  69 

thermometer,  135 

correction  for,  809,  811 
Gases,  conductivity  of,  685 

and  va^jours,  467 

diathermancy  of,  551 

dilatation  of,  206 

dynamical  theory  of,  68 

liquefaction  of,  374,  453 

specific  heat  of,  271,  272 

transpiration  of,  367 
Glacier  motion,  345 

Glass  and  mercury,  vol.  sp.  heats  of,  250 
Glycerine,  melting  point,  102 
Gold  resistance  thermometer,  168,  169 
Graduation  of  thermometer,  108 
Graphic  representations,  94,  730 
Greeks,  false  method  of,  5 
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Grey  body,  090 

Heat  and  light,  54 

and  work,  46 

by  friction,  36 

due  to  compressiou,  740 

dynamical    equivalent  of,    44,    46, 
301 

flow  of,  650 

latent,  23,  349,  378 

maximum  in  spectrum,  591 

of  combination,  260 

ordinary  meaning  of,  22 

l)ath  of  least,  731 

periodic  flow  of,  651 

propagation  of,  519 

quantity  of,  21,  233 

radiant,  52,  519  et  seq. 

restriction  of  term,  57 

sense  of,  12,  29 

sensible,  23 

si»ecitic,  25,  237,  256 

steady  flow  of,  631 

theories  of,  33 

total,  380,  387 

unit  of,  22,  234 

wave- theory  of,  52 
Helium,  118.  168,  219,  290,  377 
Heterogeneity,  65 
Hoar-frost  line,  762,  775 
Hotness,  scale  of,  13 
Humidity,  433 
Hydrogen,  boiling  point  of,  168,  378 

coeflici«?nt  of  expansion  of,  219 

conipressibility  of,   187 

conductivity  of,  t)Sr> 

critical  tcmpmiiuie  of,  378 

liqucfacticui  of.  Mi] 

j»ivsburc  cocfticieiit  of,  219 

specific  heat  of.  271,  2Sl 

tliennometer,  145 

correction  for,  81;* 
Hygrometer,  cliemical,  442 

Crova  s,  140 

Daniell's,  A'M 

dew-point,   l-itJ 

Dines's,   138 

empiric,  411 

Kej,Miaiilt's,  431^ 

wet  and  tlry  bulb,  445 
Ilygrometric  formuhe,  447 
llygrometry,  133 
Ilygroscopes,  444 
Hyp<»thesis,  James  Thomson's,  470 

Mayers,  280 

Kankine's,  75 

Ice  calorimeter,  IJlack's,  241 

Bunsen's,  243 

Lavoisier  and  Lajilacc's.  lilii 
Ice,  latent  heat  of,  1^47 

line.  702,  775 
Indicator  diagram,  02 
Infra-red  rays,  50,  591,  51*5 


Integrating  factor,  698 
Intensity  of  emission,  589 
Inversion  of  cooling  efl'ect,  815 

of  specific  heat,  759 
Iodine  pyrometer,  155 
Iridio- platinum,  148,  169,  615,  616 
Iridium,  melting  point  ot,  615 
Irreversible  transformation,  73 
Isenergics,  781 
Isentropics,  781 
Iso<;hromatics  of  Nichols,  604 
Isodynamics,  781 
Isometrics,  781 
Isopiestics,  781 
Isothennal,  94,  781 

of  jKirfect  gas,  96 

surfaces,  663 

J.,  44,  46,  301,  822 
Jena  glass,  121 

Kinetic  energy  of  molecules,  97 

theory,  55,  289,  295,  367,  603.  690, 
726 
Krypton,  219,  354,  378 

Laboratory,  National  Physical,  118 
Lag  of  thermometer,  121 
Latent  heat,  23 

by  comparison,  390 

internal  and  external,  755 

of  fusion,  349 

of  ice,  24,  247,  350 

of  steam,  387 

of  vaporisation,  378,  391 
Lautl'en  power  transmission,  80 
Law,  Avogadros,  90 

Hoyle's,  137,  207,  482 

Charles's,  l-i8 

Daltons,  428.  430 

Dulong  and  Petit  s,  294 

Gay-Lussac  s,  97 

(Gladstone  and  Dale's,  105 

(Jraham  s,  307 

Joule  s,  280 

Kirchliolfy,  588 

Maxwell  s,  71,  002 

Neumann's,  290 

Newton's,  155 
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